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Using multiwavelength observations of short
GRBs to constrain their progenitors

Beatrix Antonia Rowlinson

Abstract

Short gamma-ray bursts (SGRBs) are extremely bright flashesof gamma-rays, lasting less than 2 s,
originating from beyond the Milky Way but their progenitorsremain unknown. The most popular
progenitor theory involves the merger of two compact objects, either two neutron stars (NSs) or a NS
and a black hole (BH), which then collapse to form a BH. A smallproportion of SGRBs may instead
be giant flares from extragalactic soft gamma-ray repeaters(SGRs) in nearby galaxies. The aim of this
Thesis is to place constraints on the progenitors of SGRBs using multiwavelength observational data.

The extragalactic SGR giant flare theory is tested by considering the properties of three candidate
SGRBs which may have occured in nearby host galaxies. It is likely that only one of the three was
an extragalactic SGR giant flare and, although they are all shown to be consistent with this progenitor,
GRB 070201 is most convincing candidate. Afterglow predictions are made for future candidates.

Following on from the giant flare candidates, more typical SGRBs are considered. GRB 080905A is
the nearest confirmed SGRB, occuring offset from a spiral galaxy at z∼0.12 which is studied using
spatially resolved spectroscopy. The properties of GRB 080905A are shown to be consistent with a
compact binary merger. GRB 090515 was a SGRB with an extremely unusual bright X-ray plateau and
extremely steep decay phase. However, the prompt and late time properties are consistent with typical
SGRBs. The plateau is explained by an unstable magnetar, formed during the SGRB, which collapses
to form a BH within a few hundred seconds. The magnetar is suggested to be formed via the merger
of two NSs. ManySwift SGRBs are shown to have evidence of energy injection within their X-ray
lightcurves and 44–76% are consistent with forming a magnetar.
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Chapter 1
Introduction

In 1963 the first Vela satellites were launched to monitor thenuclear test ban treaty and on 2nd July

1967 they detected an extraterrestrial flash of gamma-rays.This Gamma-Ray Burst (GRB) known as

GRB 670702 (Year, Month, Day) was the first of a series of GRB detections, with durations ranging

from 0.3 to 30 s, by the Vela satellites (Klebesadel et al., 1973). In 1974, at the Texas Symposium,

Ruderman (1975) reviewed the various theories to describe GRBs. There were 140 different models

described ranging from comet collisions in the Oort cloud tostar quakes. GRBs are now known to be

the most powerful explosions in the Universe and in just a fewseconds they radiate as much energy as

the Sun will radiate during its entire lifetime.

1.1 History

By 1981, it had become clear that GRBs have erratic variability and a non-thermal spectrum, no two

GRBs were the same and they were never seen to repeat. There were also the first signs that there may

be more than one type of GRB: those with single long pulses, those with multiple pulses and a distinct

group with very short durations (Mazets & Golenetskii, 1981). Paczynski (1986) predicted that these

events were cosmological however, as the amount of energy required was staggering, a Galactic origin

was favoured.
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Chapter 1. Introduction 1.1. History

The millisecond variability of GRBs can be used to calculatethe maximum size of the emitting region,

D, using Equation 1.1 where c is the speed of light and∆t is the minimum variability observed. A vari-

ation of 1 ms gives an emitting region of 300 km, so GRBs originate from a compact source (Schmidt,

1978).

D < c∆t (1.1)

Since the discovery of GRBs, a several satellite missions have been used to study their properties. They

are summarised in Table 1.1 and the following Sections.

1.1.1 ThePioneer Venus Orbiter

ThePioneer Venus Orbiterwas launched on 20th May 1978. It arrived at Venus and began observations

on 4th December 1978. On board was the Orbiter Gamma Burst Detector (OGBD; Klebesadel et al.,

1980). OGBD detected 225 GRBs during its operation and this enabled the all sky rate to be determined

for the first time. The rate was consistent with a uniform spatial distribution of progenitors (Chuang et

al., 1992).

1.1.2 The Inter Planetary Network

The Inter Planetary Network (IPN, recent results publishedby Hurley et al., 2010a) was the first exper-

iment explicitly designed to study GRBs and comprises of a number of gamma-ray detectors onboard

satellites throughout the Solar System. The IPN initially started with the launch ofUlysses(Wenzel et

al., 1992) which carried a GRB experiment and missions with gamma-ray detectors, such as thePio-

neer Venus Orbiter, were included while they were operational. The IPN has evolved with the launch

of new missions and as older missions have retired. Currently contributing satellites include:Swift,
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Satelite Instrument Energy Band Operational

Vela 3 – 12 keV 1963 – 1972

Pioneer Venus Orbiter OGBD 100 keV – 2 MeV 1978 – 1992

IPN Various Various 1990 – present

CGRO BATSE 20 – 1000 keV 1991 – 2000

EGRET 30 MeV – 10 GeV

GGS-Wind Konus 10 keV – 10 MeV 1994 – present

RXTE 2 – 250 keV 1995 – present

Beppo-SAX 0.1 – 700 keV 1996 – 2002

HETE II 0.2 – 600 keV 2000 – 2006

Suzaku 0.2 – 600 keV 2003 – present

INTEGRAL ISGRI 15 keV – 10 MeV 2004 – present

Swift BAT 15 – 350 keV 2004 – present

XRT 0.3 – 10 keV

UVOT 2.07 – 7.29 eV

Agile 300 keV – 100 MeV 2007 – present

Fermi GBM 8 keV – 40 MeV 2009 – present

LAT 20 MeV – 300 GeV

ISS MAXI 0.3 – 30 keV 2009 – present

Table 1.1: This Table gives a summary of the main satellites used to study GRBs and a selection of the

instruments on board.
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Konus-Wind, HETE-II andMars Odyssey1. In a similar way to theVelasatellites, but on larger scale,

the IPN uses timing analysis between pairs of satellites to triangulate the position of a GRB. This gives

rise to characteristically long (several degrees) and narrow error trapezia. Unfortunately, the positions

are not communicated to the ground rapidly and it can take several days before the GRB and its position

is known. GRB 991208 was the first GRB localised by only the IPNwith a detected afterglow (Hurley

et al., 2000a).

1.1.3 TheCGROand BATSE Era

The Burst and Transient Source Experiment (BATSE) was launched on board theCompton Gamma-

Ray Observatory(CGRO) on the 5th April 1991 (Fishman et al., 1985). The BATSE results showed an

isotropic distribution, ruling out a Galactic plane originbut still allowing the GRBs to originate from

the extended Galactic halo or from an extragalactic source population (Meegan et al., 1992).

Kouveliotou et al. (1993) calculated the duration during which 90% of the fluence of a GRB is emitted

leading to the definition of the T90 duration now used for all GRBs. They identified a bimodal dis-

tribution in the T90 durations of the BATSE sample, shown in Figure 1.1. Using thehardness ratio,

100−300 keV
50−100 keV , BATSE showed that SGRBs are on average spectrally harder that LGRBs (Kouveliotou et

al., 1993).

Also onboardCGROwas the Energetic Gamma-Ray Experiment Telescope (EGRET) which detected

high energy (>30 MeV) emission for five of the GRBs detected by BATSE (e.g. Schneid et al., 1992).

1.1.4 Beppo-SAX

Beppo-SAXwas an Italian–Dutch satellite (Boella et al., 1997) which detected GRBs and slewed to

point an X-ray telescope at the GRB location within 5–12 hours after the trigger time. This enabled the

first detections of X-ray afterglows with positions accurate to within a few arcmins. The X-ray after-

glow detected for GRB 970228 (Costa et al., 1997) enabled thefirst detection of an optical afterglow

1Further information about the IPN and contributing satelites can be found here: http://www.ssl.berkeley.edu/ipn3/

4



Chapter 1. Introduction 1.1. History

Figure 1.1: This figure shows theT90 distribution published in the final BATSE catalogue (Paciesas

et al., 1999). This clearly shows two peaks in the distribution with a dividing line at∼ 2 s. This led

to the definition of short GRBs (SGRBs) withT90 ≤ 2 s and long GRBs (LGRBs) withT90 ≥ 2 s

(Kouveliotou et al., 1993). Obviously there is an overlap between the two distributions.

and a host galaxy association (van Paradijs et al., 1997). A few months later, GRB 970508 had the first

detection of an afterglow redshift,z ∼ 0.835, proving these events were cosmological (Metzger et al.,

1997).

TheBeppo-SAXobservations showed that GRBs fade with approximately a powerlaw decay, t−α where

α ∼ 1.4, and the X-ray afterglows had a spectrum ofν−β whereβ ∼ 0.9 (Piro, 2001). The results

from Beppo-SAXalso allowed the discovery of X-ray Flashes (XRFs, e.g. Heise et al., 2001), and

identification of potential correlations between observedproperties and possible jet breaks. 90% of the

GRBs observed byBeppo-SAXhad detected X-ray afterglows and 50% had optical counterparts (de

Pasquale et al., 2003).
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1.1.5 Other missions

Konus-Wind – Konus-Wind was launched in November 1994 on board theGlobal Geospace Science

satellite (GGS-Wind; Aptekar et. al., 1995) and detects in excess of 100 GRBs per year providing

lightcurves and spectra.

RXTE– TheRossi X-ray Timing Explorer(RXTE)2 was launched in 30th December 1995.RXTEhas

detected the X-ray afterglows of several GRBs and detected variability in the X-ray afterglow of GRB

970828 (Yoshida et al., 2000).

HETE 2– TheHigh Energy Transient Explorer(HETE 2)3 was launched on 9th October 2000 after

the failure to deployHETE 1in 1996. It was particularly sensitive to XRFs, provided precise locations

within 100 s and led to the detection of the first SGRB with an optical counterpart (Hjorth et al., 2005a;

Villasenor et al., 2005; Covino et al., 2006)

INTEGRAL– The International Gamma-Ray Astrophysics Laboratory(INTEGRAL; Winkler, Pace,

& Volonté, 1993) was launched in October 2002 with 4 instruments on board.INTEGRALis highly

sensitive and is useful for identifying the faintest GRB populations (Mereghetti, Götz, & Borkowski,

2004; Foley et al., 2009; Vianello, Götz, & Mereghetti, 2009; Ubertini et al., 2011, Rowlinson et al.

private communication).

MAXI – The Monitor of All-sky X-ray Image (MAXI; Matsuoka et al., 2009) is an X-ray imager which

has detected 14 GRBs and XRFs to date. It is installed in the Japanese Experiment Module on board

the International Space Station (ISS) and was operational from August 2009.

1.1.6 Swift

TheSwiftsatellite is dedicated to the multi-wavelength study of GRBs (Gehrels et al., 2004) and much

of this Thesis usesSwiftobservations. On board are three instruments; the Burst Alert Telescope (BAT),

the X-ray Telescope (XRT) and the Ultra-Violet and Optical Telescope (UVOT).

2http://heasarc.gsfc.nasa.gov/docs/xte
3http://heasarc.gsfc.nasa.gov/docs/hete2
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BAT is a coded mask telescope which detects the GRBs, with accurate imaging, giving positions to 1–4

arcmins, and spectroscopy over 15 – 150 keV (Barthelmy et al., 2005a). BAT triggers using a variety

of criteria including a threshold of 6.5σ above the background level.

XRT operates in the energy band 0.3 – 10 keV and is a grazing incidence X-ray telescope that has four

different modes for taking observations: Image Mode (IM), Photon Diode (PD), Window Timing (WT)

and Photon Counting (PC) (Burrows et al., 2005a). IM is used when the satellite first slews to a GRB

target, the CCD is used to give an image of the source giving the first accurate position but the image

is often highly piled up. After IM, the PD mode was to be used for high accuracy timing and gave no

positional information as the chip was read as if it were 1 pixel. Due to a micrometeorite hit within the

first 6 months, PD mode is no longer usable as it was not possible to calibrate. WT mode reads off each

column of pixels within the CCD, so the observation is summarised in a 1D image. This mode is used

for the slew data and the brightest sources which would otherwise saturate the CCD.

PC mode reads each individual pixel of the CCD; however this is slow and hence bright sources can

cause the CCD to become piled up. Pile up occurs when more than1 photon arrives at a pixel during

the time it takes to read the pixel out. Therefore, it cannot be determined if the signal in a pixel is due

to 1 photon of high energy or several photons of low energy. InPC mode, the source in an image can

be fitted with a gaussian with a full-width-half-maximum given by the resolution of XRT (14 arcsec).

The position of the source is defined to be the peak of the gaussian. However, the peak cannot be

determined precisely due to noise, giving a position error of typically ∼4 arcsec. This position can be

improved further using UVOT images as the exact relative position between XRT and UVOT is known.

The positions of known stars in the UVOT field can be used to more accurately determine the pointing

of Swiftreducing the error in the XRT positions. The positions are typically improved to∼1 – 2 arcsec

using UVOT images (UVOT enhanced positions; Goad et al., 2007).

The XRT data are now automatically analysed by the UKSwiftScience Data Centre and the analysis

is described in Evans et al. (2007, 2009). After a GRB is detected by BAT,Swiftslews to point XRT at

the burst location and observations typically start∼100 s after the trigger time. However, a rapid slew

was not always possible due to observing constraints related to the Sun, Earth and Moon.
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A few hundred seconds after a trigger and shortly after XRT, UVOT starts taking observations (Roming

et al., 2005). It then takes a finding chart using the v band filter to determine if there is a detected optical

afterglow and then cycles through the different filters.

On 9th May 2005,Swift detected the first X-ray afterglow of a SGRB, GRB 050509B, leading to the

association of this SGRB to an old elliptical host galaxy (Gehrels et al., 2005; Barthelmy et al., 2005b;

Hjorth et al., 2005a). Another highlight of theSwiftmission was GRB 080319B, the “naked eye” burst

(Racusin et al., 2008) which a human eye, if looking in the right direction and at the right time, would

have been able to detect the optical flash.

Swifthas made great leaps in the quest to see the furthest objects in the Universe. April 2009 led to the

discovery of two extremely high redshift GRBs within just 1 week: GRB 090423 at a spectroscopic

redshift of 8.2 (Tanvir et al., 2009; Salvaterra et al., 2009) and GRB 090429B at a photometric redshift

of 9.4 (Cucchiara et al., 2011).

The effective areas of BATSE and BAT are comparable at∼150 keV. However at energies≤100 keV

the effective area of BATSE drops significantly whereas BAT peaks at 30 – 100 keV. At≥150 keV

BATSE remains sensitive up to 1 MeV. The sensitivity of BAT drops rapidly at>150 keV and does not

operate above 350 keV. Therefore BATSE is able to detect muchharder GRBs than BAT (Sakamoto et

al., 2011). Additionally, BATSE used rate triggers to identify new GRBs but BAT requires an image

to confirm the trigger. This means that faint hard bursts are less likely to trigger BAT (Sakamoto et

al., 2011). Also BAT and BATSE could classify GRBs differently, for example a short hard burst with

extended emission may be identified as a LGRB by BAT and a SGRB by BATSE (which is insensitive

to the much softer extended emission; Norris & Bonnell, 2006). These factors are can explain the

different rates of SGRBs found by BAT and BATSE: 25% of GRBs detected by BATSE were SGRBs

compared to just 10% for BAT.

1.1.7 Fermi

The Fermi satellite was launched on 11th June 2008 with two instruments on board, the Large Area

Telescope (LAT, 20 MeV – 300 GeV; Atwood et al., 2009) and the Gamma-ray Burst Monitor (GBM,
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Figure 1.2: This figure, adapted from Mészáros (2001), shows the main components of the fireball

model assuming a massive star progenitor (a binary merger would also produce these jets and have the

same emission properties).

8 keV – 40 MeV; Meegan et al., 2009). GBM provides poor position errors,∼5 degrees with ground

analysis, and typically detects 1 GRB every 2 days. LAT has detected 12 GRBs to date with very high

energy emission although most GRBs in the LAT field of view arenot detected (Akerlof et al., 2011).

1.2 Fireball Model

This section will describe the main features of the popular Fireball model used to describe the emission

from GRBs and illustrated in Figure 1.2. This model is the favoured explanation for the majority of

both LGRBs and SGRBs.

1.2.1 Central Engine

The rapid variability of GRBs shows the central engine needsto be a compact source and two objects

have the required compactness: black holes (BHs) and neutron stars (NSs).
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Black Hole Central Engine

The typical model of a GRB involves the rapid formation of a BHand the surrounding material col-

lapsing into an accretion disk. The energy supply is the matter in the accretion disk and the BH has an

extremely high accretion rate (0.01-1.0 M⊙ s−1). The extremely hot (T∼1010 K) and dense (ρ ∼1016 g

cm−3) accretion disk produces neutrinos and anti-neutrinos which preferentially annihilate above and

below the accretion disk. When the neutrinos and anti-neutrinos annihilate they produce a plasma of e±

and photons, known as a fireball, which is formed along the rotation axis of the star. This fireball is then

further accelerated and collimated producing a jet along the axis of rotation (although the exact process

is still unclear, e.g. Popham, Woosley, & Fryer, 1999). Thiscentral engine is capable of emitting vast

amounts of energy (Eiso ∼ 1054 erg, rest mass of 0.6 M⊙) within a few thousand seconds. However, as

discussed further in Section 1.2.2, the central engine is thought to beam this emission. If the emission

is beamed the actual energy released is given by equation 1.2(Frail et al., 2001). ForEiso ∼ 1054 erg

and assuming a beaming angle of 3 degrees, the energy emittedwould instead beEγ ∼ 1.4× 1051 erg.

This corresponds to the rest mass of8× 10−4 M⊙ being released as energy.

Eγ = (1− cos θ)Eiso(γ) (1.2)

Magnetar Central Engine

Alternative theories suggest that the compact object does not necessarily collapse to form a BH and can

instead leave behind a highly magnetic NS known as a magnetar(Usov, 1992; Duncan & Thompson,

1992; Wheeler et al., 2000; Thompson, Chang, & Quataert, 2004). Magnetars have extremely high

magnetic fields (≥ 1015 G) and are born rapidly rotating (P ∼1–10 ms). The extreme magnetic fields

originate from the amplification of magnetic fields which could be due to a convective dynamo (Duncan

& Thompson, 1992). The energy available is extracted via theemission of numerous neutrinos and from
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the immense amount of rotational energy that this newly formed magnetar has and is given by:

Etotal ∼ 1052
(

P

1 ms

)−2

erg (1.3)

This equation is simply the rotational kinetic energy of an object which is proportional to its moment of

inertia and the square of its angular velocity. It has assumed typical values for the mass and radius of a

neutron star to quantify the moment of inertia. Bucciantiniet al. (2009) have used simulations to show

that relativistic jets can be launched by magnetars but withrelatively low Lorentz factors. Therefore,

the magnetar model may not explain very energetic GRBs such as GRB 080721 (Starling et al., 2009;

Cenko et al., 2010).

This model is different to the proposed magnetar giant flareswhich may also produce events similar to

GRBs (discussed in more detail in Section 1.6).

1.2.2 Jets

The size of the emitting region causes a problem known as the “compactness problem”. The photons

produced by the fireball have much more energy than is required for pair production of electrons and

positrons. Also they are in extremely close proximity making it highly likely that pair production will

occur (Ruderman, 1975; Schmidt, 1978; Goodman, 1986; Rhoads, 1997; Piran, 1999). Therefore the

region should have a huge optical depth, as it is opaque to itsown radiation, and the original photons

would not be able to escape. So the only observable emission should be a thermal spectrum. This

is solved if there is a highly relativistic outflow because the source region can be much larger than

initially thought. This is because the observed variability in equation 1.1 should be replaced with the

rest frame variability which is much longer in duration (a factor of 2γ2). Additionally, the original

distribution photons could be of much lower energy (and blueshifted in the relativistic outflow to the

observed energies) so fewer photons are available with sufficient energy for pair production. Therefore,

the central engine is thought to launch two relativistic jets although the exact mechanism remains

unknown. The jets may be launched in a similar way to the Blandford & Znajek (1977) mechanism, in

which accretion onto a rotating BH surrounded by a magnetic accretion disk leads to the formation of
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jets (e.g. Barkov & Komissarov, 2008).

The composition of the jets is another mystery with the main contenders being a baryonic plasma (e.g.

GRB 080319B; Kumar & Panaitescu, 2008) or a magnetised plasma (e.g. GRB 080916C; Zhang &

Pe’er, 2009b). The jet starts optically thick (as the photons have more energy than is required for pair

production) and flows out relativistically in two narrow beams.

Radio observations have provided strong evidence for relativistic jets (Frail et al., 1997, 1999). Jet

opening angles for LGRBs are thought to be typically a few degrees (Harrison et al., 1999; Halpern et

al., 2000; Panaitescu & Kumar, 2001; Racusin et al., 2009).

SGRBs are also thought to have jets although less beamed thanLGRBs with observed values ranging

from 4–25 degrees (Berger et al., 2005; Grupe et al., 2006; Panaitescu, 2006; Soderberg et al., 2006;

Burrows et al., 2006; Nakar, 2007). The models by Janka et al.(2006) suggest that SGRBs have

beaming angles∼20 degrees, depending on how rapidly energy is deposited into the jet, and that the

emission drops off very rapidly when viewing SGRBs off axis.Rezzolla et al. (2011) have completed

simulations of NS-NS mergers in which the magnetic field orientates itself into two jet like funnels

into which jets could be launched with half opening angles of8–30 degrees. Although they are not

relativistic and do not actually launch jets, it is the first step towards understanding them.

When the jets decelerate to non-relativistic velocities they rapidly spread sideways making a much

larger emitting region, however this is only a small effect (van Eerten & MacFadyen, 2011) A more

important factor is the Doppler beaming effect, as the jet slows down (i.e.Γ reduces) the opening angle

of the jet increases (θ ∝ 1
Γ , as shown in Figure 1.3). The Doppler beaming effect originates from

the Lorentz transformations applied to the velocity of photons. If photons were only emitted parallel

to the relativitic motion, then there would be no obvious effect (they remain travelling at the speed

of light). However photons which are emitted at some angle,θ, have a parallel velocity component

which increases, tending towards the speed of light, but theperpendicular velocity component reduces

as 1
Γ . The observing angle is given bytan θ = perpendicular velocity component

parallel velocity component ∝ 1
Γ and in the small angle

approximationtan θ ∼ θ. Even though the actual beaming angle can be much larger, theobserver only

sees the region of the jet given by the opening angle due to this Doppler beaming effect.
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Figure 1.3: This shows the region of the jet observed during the prompt emission phase and the high

latitude emission responsible for the curvature effect.

As the opening angle of the jet increases, the emission is spread over a larger viewing surface leading to

a sudden drop in luminosity giving a jet break in the observedlightcurve (a lightcurve is a plot showing

how flux or luminosity evolves with time; Rhoads, 1999; Sari,Piran, & Halpern, 1999).

The jet break would be achromatic (the same in all energy bands). Jet breaks are thought to have been

observed and can be used to derive the total energy within thejet (e.g. GRB 990510 and recently GRB

080319B; Harrison et al., 1999; Tanvir et al., 2010a).

However, after the launch of theSwift satellite it became clear there were major problems with this

theory as< 10% of theSwiftsample of GRBs have observed jet breaks (Mészáros, 2006; Willingale et

al., 2007; Sato et al., 2007a). New theories suggest that jetbreaks may not be the clear achromatic break

expected as other components can dominate (Nardini et al., 2011) and this may resolve the missing jet

break problems. Jet breaks are very rare for SGRBs (a likely jet break was detected for GRB 090426

by Nicuesa Guelbenzu et al., 2011).

1.2.3 Observational properties of prompt emission

The prompt emission often consists of combinations of FRED pulses (Fast Rise Exponential Decay;

Norris et al., 1996). These pulses do not appear to evolve with time (Ramirez-Ruiz & Fenimore,

2000) and there can be quiescent times during the prompt emission (Ramirez-Ruiz & Merloni, 2001;
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Quilligan et al., 2002). There is often a different arrival time for low frequency photons in comparison

to the high frequency photons, this is known as the spectral lag and is calculated using cross-correlation

of different energy bands, and there is a broadening of peaksat lower energies. For LGRBs the lag time

typically varies from 20–1000 ms (Ukwatta et al., 2010) while SGRBs have negligble lag times (Norris

& Bonnell, 2006; Yi et al., 2006).

The observed spectra of the prompt emission is typically fitted using the Band Spectrum (Band et.

al., 1993). There is often evolution from hard spectra to softer spectra during the prompt emission

(Norris et al., 1986). Recent observations byFermi LAT suggest there may be an additional high

energy component observed in some GRBs which does not fit the typical fireball model (e.g. Zou, Fan,

& Piran, 2009; Ghisellini et al., 2010; Zhang et al., 2011). Using the prompt emission spectra it is

possible to subdivide the GRB population into Classical GRBs (CGRBs), X-ray Rich GRBs (XRRs)

and X-ray Flashes (XRFs) (Sakamoto et al., 2008a). These maybe different populations of GRBs or

part of the same distribution. As the BATSE results showed, SGRBs tend to have harder prompt spectra

and higher peak energies (Band et. al., 1993; Mallozzi et al., 1995; Ghirlanda, Ghisellini, & Celotti,

2004; Kaneko et al., 2006). Ghirlanda et al. (2009) showed that SGRB prompt pulses are harder with a

higher peak energy (Epeak) but are otherwise the same as LGRBs.

1.2.4 Redshift distribution of GRBs and possible correlations

The average redshift of GRBs detected by theSwift satellite isz = 2.19 and Figure 1.4 shows the

redshift distribution of those GRBs (Jakobsson et al. Submitted)4. The GRB redshift distribution gives

a unique method to study the star formation rate of the Universe (Fruchter et al., 1999; Christensen

et al., 2004; Tanvir et al., 2004; Jakobsson et al., 2006) andmay show evidence of an evolving star

formation rate with redshift (Daigne et al., 2006, Jakobsson et al. Submitted).

As GRBs are observable across the Universe, it is highly desirable to find correlations to make them

standard candles. A standard candle is a source with a known luminosity or total energy which can

be used to measure the actual physical distance to the source, an invaluable quantity for cosmology.

4http://www.raunvis.hi.is/∼pja/GRBsample.html
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Figure 1.4: The normalised cumulative redshift distribution for all GRBs detected up to 30th May 2011,

the dashed line represents the expected GRB rate for a given star formation history (Jakobsson et al.

Submitted). Image taken from http://www.raunvis.hi.is/∼pja/GRBsample.html

Several have been proposed including:

1. The Amati Relation suggests there is a correlation between the peak energy in the spectrum and

the isotropic energy of the GRB. The original samples showeda correlation (Amati et al., 2002;

Amati, 2006) however the inclusion ofSwiftandFermidata have led to significantly more scatter

(Amati, 2010). Additionally, SGRBs and some LGRBs do not fit on this relation (Butler et al.,

2007).

2. The Ghirlanda Relation is a correlation between the peak energy and the beaming corrected

energy emitted as gamma-rays (Ghirlanda, Ghisellini, & Firmani, 2005; Ghirlanda et al., 2008).

However,Swift and Fermi results have shown there is significantly more scatter than thought

(McBreen et al., 2010). Additionally, SGRBs do not fit this relation but do fit a similar relation
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between the peak luminosity and isotropic energy (Ghirlanda et al., 2009).

3. The Asymmetry-Lag paradigm is an anti-correlation between the observed lag time and the peak

luminosity of pulses which appears to work for both the prompt emission and X-ray flares (Nor-

ris, Marani, & Bonnell, 2000; Margutti et al., 2010; Ukwattaet al., 2010). However SGRBs with

extended emission (see Section 1.4.2) do not fit the relationand neither do SGRBs as they have

no observed lag times (Yi et al., 2006; Norris & Bonnell, 2006; Gehrels et al., 2006).

1.2.5 Internal shock theory

At a large distance from the central engine, some of the energy within the jet is emitted giving the

observed prompt emission. The prompt emission is only observable for angles within the relativistic

beaming angle,θ ∝ 1
Γ , which corresponds to an emission area which is∝ Γ2, whereΓ is the bulk

Lorentz factor of the jet (Piran, 2004).

GRBs show rapid variability during the main prompt emissionwhich may be caused by internal col-

lisionless shocks within the jets. The central engine emitsshells, with different relativistic velocities,

which collide within the jet giving internal shocks (Rees & Meszaros, 1994; Paczynski & Xu, 1994;

Kobayashi, Piran, & Sari, 1997; Daigne & Mochkovitch, 1998,2000). These shocks are known as col-

lisionless because the thickness of the shells being shocked is much less than the collisional mean free

path within that region (Piran, 2004). Electrons are accelerated across the shocks and emit synchrotron

emission, these photons can then be up-scattered to higher energies via the inverse Compton effect

(Shaviv & Dar, 1995; Lazzati et al., 2004). As the electrons used for the inverse Compton effect were

the original source of the synchrotron emission, this is a special case of the inverse Compton effect

known as synchrotron self Compton (Waxman, 1997; Ghisellini & Celotti, 1999).

1.2.6 Poynting flow theory

An alternative theory for the prompt emission, for a Poynting flow dominated jet with highly ordered

magnetic field, is that the prompt emission originates from magnetic energy dissipation within the jets
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(Thompson, 1994; Mészáros & Rees, 1997; Vlahakis & Königl, 2003). Extra components observed

within the prompt emission of GRB 080916C (Zhang et al., 2009) and GRB 100724B (Guiriec et al.,

2011) have been explained using this model.

One method to distinguish between these theories may be the observation of polarisation within the

prompt emission (e.g. Fan, Zhang, & Proga, 2005) and this hasbeen attempted for several GRBs with

wide ranging and often controversial results (Coburn & Boggs, 2003; Rutledge & Fox, 2004; Wigger

et al., 2004; Mundell et al., 2007; Götz et al., 2009; Steeleet al., 2009).

1.2.7 Curvature Effect

During the prompt phase, the emission observed is only from aregion of angular sizeθ = 1
Γ however

the emission is likely to be spread out over a larger angle. The emission from anglesθ > 1
Γ is not

beamed directly towards the Earth but provides a significantcontribution to the observed emission. As

the emitting surface is thought to be curved, photons from larger angles have to travel a further distance

which gives a time delay. Also, as the photons are not beamed directly towards us, they are at a lower

frequency. Therefore, the high latitude emission arrives at a later time and lower frequency than the

prompt emission. This process of observing the high latitude emission is known as the curvature effect

(Kumar & Panaitescu, 2000) and is illustrated in Figure 1.3.

In the fireball model, the external shocks between the jets and the Interstellar Medium (ISM) give

the multi-wavelength afterglow. However, if a GRB occurs ina very low density environment this

component would be too faint to be detected. In this case, theonly emission observable would be the

prompt and high lattitude emission. Therefore, the emission would fade extremely rapidly as described

by the curvature effect and there would be no typical afterglow. GRBs with this kind of behaviour

are described as “naked” GRBs, for example GRB 050421 (Godetet al., 2006). Additionally, as the

popular progenitor theories for SGRBs occur in low density environments, SGRBs might be expected

to also be “naked” GRBs.
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1.2.8 Reverse and External shocks

When the jets collide with the ISM or the circum-stellar medium (CSM), two shocks are expected to

form: one directed forwards into the ISM (the external shock, shown in Figure 1.2) and a reverse shock

which propagates back through the jet. This reverse shock has been modelled by Sari, Piran, & Halpern

(1999) and Akerlof et al. (1999). Reverse shocks are predicted to have an associated optical flash and

there are several candidates which may have this feature (e.g. Sari & Piran, 1999a,b; McMahon, Kumar,

& Piran, 2006).

The afterglow emission of GRBs is predicted to be associatedwith the relativistic jets shocking with the

ISM, giving the external shocks (Rees & Meszaros, 1992; Mészáros & Rees, 1993). These shocks are

expected to give synchrotron and inverse Compton spectra and are much less variable with time. The

afterglow is then expected to fade as a powerlaw which is dependent on the frequency (as the afterglow

is fading, the peak frequency of the sychrotron spectrum is also decreasing as the shock loses energy):

Fν(t) ∝ t−αν−β (1.4)

β = Γ− 1 (1.5)

whereFν(t) is the flux as a function of frequency (ν) and time (t),α is the temporal index andβ is

the spectral index. Equation 1.5 gives the relationship betweenβ and the observed photon indexΓ.

The spectral index is obtained from the flux at a given energy (i.e. F ∝ E−β). Whereas, the observed

photon index is obtained from the flux of photons of a given energy ploted against the energy of the

photon, i.e.FE ∝ E−Γ → F ∝ E−ΓE ∝ E−(Γ−1).

1.2.9 Observed Afterglows

X-ray Afterglows

TheSwiftsatellite has revolutionised the study of X-ray afterglowsby identifying significant structure

in the X-ray lightcurves including multiple breaks and flares. Evans et al. (2009) completed an in
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Figure 1.5: This figure illustrates the 5 main components andtimescales of the “canonical” lightcurve

observed in many X-ray afterglows ofSwiftGRBs. This figure is taken from Zhang et al. (2006) and

shows how the flux varies with time with typical timescales and temporal indices.

depth study of the X-ray afterglows detected bySwiftand found afterglows had four basic forms. They

showed supporting evidence that 42%SwiftGRBs have a “canonical” lightcurve as proposed by Nousek

et al. (2006), O’Brien et al. (2006) and Zhang et al. (2006). The “canonical” lightcurve is shown in

Figure 1.5 and comprises of the following stages:

1. Steep decay phase – the decay from the prompt emission, caused by high latitude emission and

the curvature effect. The decay slope predicted by the curvature effect is given in equation 1.6.

There is a smooth transition from the prompt emission to afterglow phase (O’Brien et al., 2006;

Zhang et al., 2006).

α = β + 2 (1.6)
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2. Shallow decay phase – thought to show ongoing energy injection from the central engine and

cannot be explained in the typical fireball model (Nousek et al., 2006; Zhang et al., 2006).

3. Standard afterglow phase – the power law decline observedpre-Swift.

4. Jet break, as described in Section 1.2.2.

5. Flares – these can be comparable in energy to the prompt emission and∼50% of theSwiftsample

have flares. They are interpreted as late time central engineactivity and are thought to have the

same emission mechanism as the prompt emission pulses (Burrows et al., 2005b; Falcone et al.,

2006; Burrows et al., 2007; Curran et al., 2008; Chincarini et al., 2010). Theories include late

time accretion (King et al., 2005), refreshed shocks (Panaitescu, 2006) and magnetic explosions

on a newly formed magnetar (Dai et al., 2006).

The first X-ray afterglow for a SGRB was detected by theSwift satellite for GRB 050509B (Gehrels

et al., 2005) and to dateSwifthas detected 31 SGRB afterglows. They fade more rapidly thanLGRB

afterglows and are generally fainter, but otherwise appearto share many features with LGRBs (Berger,

2007, Rowlinson et al. private communication). The significant structure in SGRB afterglows is prob-

lematic in the favoured theories for SGRBs and is discussed in more detail in Chapter 5 of this Thesis.

Optical afterglows

The first optical afterglow was detected for the long GRB 990123 (Akerlof et al., 1999), the first for a

SGRB was GRB 050724 (Fox et al., 2005; Hjorth et al., 2005a) and now many optical afterglows have

been studied for both LGRBs and SGRBs.

TheSwiftsample of GRBs have dimmer optical afterglows than expected(Roming et al., 2006). BAT

detects a fainter distribution of GRBs, which are either intrinsically fainter GRBs or more distant,

therefore the optical afterglow is also fainter.

There are a catagory of optically dark bursts, in which the optical afterglow is subluminous with respect

to the X-ray afterglow. One definition of a dark burst is givenby βOX < 0.5, whereβOX is the optical
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to X-ray spectral index (Jakobsson et al., 2004). This definition arises from a change of 0.5 in the

powerlaw of the afterglow spectrum due to a cooling break. Ifthe cooling break occurs atνc then, for

a given energy distibution of the electrons (p), the spectral index is governed by equations 1.7 and 1.8

(e.g. Sari, Piran, & Narayan, 1998). These GRBs could be either low luminosity GRBs, GRBs with high

optical absorption or GRBs at very high redshift (Fynbo et al., 2001; Kann et al., 2010). Alternatively,

this could be related to a spectral break between the X-ray and Optical spectra, for example the electron

self-absorption frequency (Shen & Zhang, 2009).

β = p/2− 1/2(ν < νc) (1.7)

β = p/2(ν > νc) (1.8)

Melandri et al. (2008) compared the optical and X-ray lightcurves of 24 LGRBs and found they often

demonstrated different behaviour (chromatic and achromatic breaks). 10 of their sample were not

consistent with the standard forward shock model. Nysewander, Fruchter, & Pe’er (2009) completed

a systematic study of GRB afterglows and found a correlationbetween the prompt fluence and the

afterglow at 11 hours after the trigger time. The optical afterglows of SGRBs and LGRBs have been

compared by Nysewander, Fruchter, & Pe’er (2009) who concluded that the SGRB afterglows are not

necessarily less bright due to their surrounding medium butis most likely due to having much lower

fluences.

Radio afterglows

The first radio afterglow of a GRB was detected for GRB 970508 (Frail et al., 1997). Within the radio

observations there was evidence of significant radio “twinkling” or scintillation, more than is normally

expected for radio sources. The “twinkling” originates from diffractive scintillation at the source and

can be used to calculate the size of the emitting region (the diffractive angle is proportional to the size

of the emitting region). Radio observations of variabilitycaused by this effect showed the emitting
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region of GRB 970508 started extremely small and then relativistically expanded (Frail et al., 1997).

This provided important observational evidence of relativistic jets.

An advantage of using radio observations is that they are significantly delayed with respect to the rest of

the GRB emission as there is a strong dependence on the frequeny of the emission and the arrival time

due to scattering processes within the intergalactic medium (e.g. Inoue, 2004). Therefore, observed

afterglow emission in radio energy bands does not peak for many days (Sari, Piran, & Halpern, 1999).

Radio observations can be used to identify when jets become sub-relativistic and this can be used to

calculate the total energy emitted during the GRB (Waxman, Kulkarni, & Frail, 1998). The first SGRB

radio afterglow was detected for GRB 050724 which allowed the measurement of the isotropic energy

(3–15)×1050 erg (Berger et al., 2005).

1.3 Host galaxies

The host galaxies of GRBs have provided vital observationalclues about the progenitors of these highly

energetic events, from their cosmological origin to association with different stellar populations.

1.3.1 Host galaxies of LRGBs

Although many LGRBs are too distant for the identification ofhost galaxies, there are a number of

identified host galaxies which have been studied using telescopes including theHubble Space Telescope

(HST). These host galaxies tend to be small, with mean effective radii of 1.7 kpc, moderately low

metallicity and are actively star forming (Bloom et al., 1998; Djorgovski et al., 1998; Fruchter et al.,

1999; Bloom, Kulkarni, & Djorgovski, 2002; Fruchter et al.,2006; Wainwright et al., 2007). However,

there are some LGRBs found in high metallicity environments(Levesque et al., 2010b,c). Fruchter et

al. (2006) and Svensson et al. (2010) found that LGRBs occur preferentially on the brightest pixels of

their host galaxies, showing they tend to occur on regions ofactive star formation. The locations of

LGRBs were compared to the locations of SNe and GRBs were found to be more tightly distributed

than the SNe as shown in Figure 1.6.
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Figure 1.6: This figure, taken from Fong, Berger, & Fox (2010), shows the cumulative distribution

of the fractional flux at each GRB location. The fractional flux quantifies the proportion of the host

galaxy’s light in pixels fainter than the GRB location. The dashed line represents the expected distribu-

tion if the distribution of sources tracks the light distribution. The shaded region represents the results

obtained for SGRBs using two different filters (the exact filters and instruments vary depending on the

GRB and are described in Fong, Berger, & Fox, 2010). The two light grey lines show the distribution

of core collapse SNe and Type Ia SNe for reference. The dark grey line shows the distribution for

LGRBs and clearly shows that LGRBs are concentrated on the brightest regions of their host galaxies.

This means they are associated with more extreme star formation than typical SNe. Conversely, this

figure also shows that SGRBs tend to either trace the SNe or areon the faintest regions of their hosts

(note that hostless SGRBs are not included, further emphasising the differences between LGRBs and

SGRBs).
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1.3.2 Host galaxies of SGRBs

Until the launch of theSwiftsatellite, it was not possible to pinpoint the position of SGRBs accurately as

their afterglows faded too rapidly to allow their detectionso little was known about their origins.Swift

enabled the detection of the X-ray afterglows giving positions accurate enough for some host galaxy

and optical afterglow identifications. However, as the optical afterglows are faint and fade rapidly it

is extremely difficult to get redshifts from the afterglows.Typically SGRB redshifts come from host

galaxy associations and it is possible that the original progenitor is just in chance alignment with this

host galaxy and they are not related (chance alignments can be calculated using the methods described

in Hogg et al., 1997). Additionally, SGRBs often appear to occur offset from their host galaxies further

adding to the possibility of chance alignments. Multiple host candidates can further complicate this

task, for example GRB 050813 which has candidate hosts at z=0.7 and z=1.8 (Berger, 2005; Ferrero et

al., 2007), GRB 050509B (Bloom et al., 2006) and GRB 060912A (Levan et al., 2007). Therefore, it is

important to be cautious when considering individual SGRB redshifts and host galaxies. However, it is

equally important to note that many of these host associations will be correct so the sample as a whole

can provide important clues about the progenitors of SGRBs.Tunnicliffe et al. (private communication)

have used a set of random positions and field galaxies in comparison to the SGRB sample to show that,

when the probability of chance alignment is low, the host galaxy identification is likely to be correct.

However, when the host galaxy candidate is significantly offset it is more likely to be a typical field

galaxy and unassociated with the SGRB. They showed that all host galaxies identified using an optical

afterglow are>95% confident (81% of these are>99% confident) and when only using an X-ray

position the identification is much less certain.

Studies of SGRB hosts have shown that SGRBs occur in both early and late type galaxies, while

some may be associated with galaxy clusters, in direct contrast to LGRBs. Early type galaxies are

old elliptical galaxies whereas late type galaxies includeyoung spiral galaxies, irregular galaxies and

galaxy mergers. Although it appears that the proportion of SGRBs occuring in star forming galaxies

dominate this sample (Berger, 2009), it has been found that there may be an observational bias against

detecting z∼1 early type galaxies as those SGRBs may have fainter afterglows (for example GRB

100117A; Fong, Berger, & Fox, 2010).
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Wainwright et al. (2007) compared SGRB and LGRB host galaxies and showed that SGRB host galax-

ies tend to have larger effective radii than LGRBs but fewer interacting or irregular host galaxies. There

is some evidence that SGRBs may trace star formation, but in adifferent way to LGRBs ruling out a

common progenitor (Virgili et al., 2011). Berger et al. (2009) compared SGRB host galaxies to LGRB

host galaxies and field galaxies, finding a 0.3% chance that SGRBs are drawn from the same population

of galaxies as LGRBs but a 60% chance that they are from the same distribution as typical field galax-

ies. SGRB hosts also tend to be higher in luminosity and from awider range of host types than LGRBs

(Berger et al., 2009). The position of SGRBs within their host galaxies and the fractional flux of that

position (in comparison to the flux of the host galaxy) were studied by Fong, Berger, & Fox (2010) in

comparison to the LGRB sample. They found that SGRBs are distributed more diffusely throughout

their host galaxies than the LGRB population as shown in Figure 1.6.

From the first associations with elliptical galaxies it was clear that SGRBs can be associated with an

older stellar population and lower star formation rates (SFRs) than LGRBs (Nakar et al., 2006; Zhang et

al., 2007; Gal-Yam et al., 2008; Berger et al., 2009). The metallicity of SGRB host galaxies is typically

much higher than that of LGRB host galaxies and resembles that of the field galaxies (Berger et al.,

2009).

Studies of SGRB host galaxies by Leibler & Berger (2010) showed that SGRBs are consistent with

an older stellar population tracking the stellar mass distribution and may partially track star formation

with a delay time. Within early type galaxies the delay time between star formation and the SGRB is

about 3 Gyr but for late type galaxies it is 0.3 Gyr (Leibler & Berger, 2010). If SGRBs track stellar

mass alone then equal numbers would be expected in early and late type galaxies, which has not been

observed but this may be related to an observational bias (Berger, 2009; Fong, Berger, & Fox, 2010).

Some of the SGRBs are significantly offset from their host galaxies (e.g. Berger et al., 2005; Fox et al.,

2005; Bloom et al., 2006; Troja et al., 2008; Fong, Berger, & Fox, 2010; Church et al., 2011). Fong,

Berger, & Fox (2010) showed that SGRB offsets cover the range1–64 kpc with a median of 5 kpc and

50% occuring at offsets less than 30 kpc. Therefore, SGRB progenitors are likely to have been kicked

away from their birthplaces and there has been a significant delay between this and the SGRB.
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There is a population of SGRBs without an associated host galaxy, it is unclear whether these have

been significantly kicked out of nearby host galaxies or are associated with high redshift or faint host

galaxies which are undetected in the optical images. An example of a hostless SGRB is GRB 090515

(considered in Chapter 4). Berger (2010) considered a sample of hostless SGRB galaxies and deter-

mined that they typically have fainter afterglows, a lower prompt fluence and are shorter in duration.

Tunnicliffe et al. (private communication) have suggestedthat the hostless GRBs are likely to be at low

redshift and ejected from their host galaxies rather than athigh redshift.

1.4 Classification methods

1.4.1 Evidence for two populations

Since the identification of two categories of GRB using theirdurations (Kouveliotou et al., 1993) it has

become clearer that there are two distinct populations. Their differences have been highlighted in the

previous Sections. SGRBs tend to be at lower redshifts (< zSGRB >=0.4 and< zLGRB >=2.3; Berger

et al., 2009) and have lower isotropic energies than LGRBs. However, there may be a low redshift bias

for SGRBs for example due to: the bias against elliptical host galaxies at z∼1 (Fong, Berger, & Fox,

2010), lack of a strong host galaxy candidate or not being able to measure the redshift of the candidate.

Therefore, the difference between the average redshifts and isotropic energies of SGRBs and LGRBs

may not be as large (indeed there are SGRBs known at higher redshifts, e.g. GRB 090426; Levesque

et al., 2009). They do not fit in with the majority of potentialcorrelations found in the prompt emission

for LGRBs and they have negligible lags. Their afterglows are fainter (< Fx >= 7× 10−10 erg cm−2

s−1 for SGRBs and< Fx >= 3 × 10−9 erg cm−2 s−1 for LGRBs; Nysewander, Fruchter, & Pe’er,

2009) and fade more rapidly than for LGRBs. Their locations within host galaxies and the types of host

galaxies are also in stark contrast to the LGRBs.

However, there is clearly overlap between the distributions of LGRBs and SGRBs shown in Figure 1.1.

Additionally, this distribution is dependent on the sensitivity and energy band of the instrument being

used to detect them. This is also an observed frame distribution, there are many effects which come
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into play when attempting to redshift these into their restframes further confusing the distribution.

When considering individual GRBs, this overlap can still cause confusion as there are cases where the

properties of the GRBs makes it difficult to assign them into aparticular category. Examples of these

GRBs are:

- GRB 050724, T90 = 3 s, occurred in a nearby elliptical galaxy which, among otherproperties,

associated it with the SGRB population despite the long duration (Barthelmy et al., 2005b; Berger

et al., 2005).

- GRB 060121, T90 = 1.97 s, occurred at a higher redshift and in a more dusty environment than

is expected for a typical SGRB (Donaghy et al., 2006; Levan etal., 2006a; de Ugarte Postigo et

al., 2006).

- GRB 060505, T90 = 5 s, had no associated supernova but had a spectral lag which isconsistent

with the LGRB population, was located within a star formation region in a host galaxy atz =

0.09 and its classification is still not firmly established (Fynboet al., 2006; Ofek et al., 2007;

Jakobsson & Fynbo, 2007; Thöne et al., 2008; McBreen et al.,2008; Bloom, Butler, & Perley,

2008; Xu et al., 2009).

- GRB 060614, T90 = 102 s, had no associated supernova to highly constraining limits, a negligi-

ble spectral lag and a host galaxy more consistent with the population of SGRBs (Fynbo et al.,

2006; Gal-Yam et al., 2006; Gehrels et al., 2006; Della Valleet al., 2006; Zhang et al., 2007).

- GRB 060912A, T90 ∼ 5 s, occurred near a large elliptical galaxy so it may be a SGRB associated

with this galaxy but there was also an underlying z=0.9 galaxy so it is more likely to be a LGRB

(Levan et al., 2007).

- GRB 090426, T90 = 1.28 s, the most distant SGRB at a redshift ofz = 2.609 which may be

problematic for the energy constraints of the SGRB progenitor theory. (Levesque et al., 2009) It

is concluded that the simplest explanation is that the progenitor was a collapsar (Levesque et al.,

2009; Antonelli et al., 2009; Thöne et al., 2011a).

- GRB 090510, T90 = 0.30 s, at z=0.9 had a long lived high energy component detected byFermi
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LAT and was extensively studied (de Pasquale et al., 2010; Giuliani et al., 2010; Ghirlanda,

Ghisellini, & Nava, 2010; Ackermann et al., 2010). The progenitor is proposed to be a binary

merger by Corsi, Guetta, & Piro (2010) although Panaitescu (2011) suggest it originated from

the collapse of a massive star.

1.4.2 Extended Emission bursts

There is a sample of GRBs which have a typically long T90 duration but which do not appear to fit the

LGRB sample, these GRBs share common properties in their prompt emission as they all have a short

hard peak followed by long soft extended emission. Typical examples include GRBs 060505 (Fynbo

et al., 2006; McBreen et al., 2008), 060614 (Fynbo et al., 2006; Gal-Yam et al., 2006; Gehrels et al.,

2006; Della Valle et al., 2006; Zhang et al., 2007) and 080503(Perley et al., 2009a). These GRBs had

no associated SNe and a negligible spectral lag. If these bursts had been detected by BATSE, the long

soft extended emission may be undetectable and they could appear as SGRBs. Norris & Bonnell (2006)

reanalysed the BATSE data and discovered 8 GRBs with an initial short hard spike followed by soft

extended emission. These GRBs are often refered to as SGRBs with extended emission (EE SGRBs).

This poses the question: do SGRBs and EE SGRBs share a common progenitor? TheSwift sample

of SGRBs have been studied by Norris, Gehrels, & Scargle (2010) for evidence of extended emission,

∼25% do show evidence of this component however there are manySGRBs which do not have ex-

tended emission. Norris, Gehrels, & Scargle (2011) have suggested that these EE SGRBs have longer

lived afterglows and are likely to have a different progenitor to typical SGRBs.

These EE SGRBs are also the only LGRBs which are definitely missing SNe counterparts. EE SGRBs

tend to occur nearer to their host galaxies than typical SGRBs while SGRBs with a large offset do not

have EE and are less likely to have an optical afterglow (Troja et al., 2008).

The extended emission observed in GRB 080503 is potentiallyexplained as an off-axis jet or a re-

freshed shock (Perley et al., 2009a, and references therein). An alternative model for extended emission

involves 2 jets, one short in duration and the other narrowerand long lived, was proposed by Barkov

& Pozanenko (2011). Alternatively, ongoing emission from amagnetar central engine has also been
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suggested by Metzger et al. (2011). Despite these theories,it is still unclear what these EE SGRBs are

and no theory satisfactorily explains all their properties.

1.4.3 Intermediate GRBs

Using the BATSE sample, it has been claimed that there is a third statistically significant population

of GRBs with an intermediate duration (Mukherjee et al., 1998; Horváth, 1998). It is not clear what

the progenitor of these would be and if they are a distinct population. The next stages are seaching for

examples of GRBs which do not fit into either the LGRB or the SGRB progenitor categories. However,

as it is not unambiguously clear what a SGRB or a LGRB is, this will prove difficult.

1.5 Progenitor Theories

1.5.1 Collapsar

Prior to the publication of the first GRBs by Klebesadel et al.(1973), it was predicted by Colgate (1968)

that SN could be accompanied by a flash of gamma-rays. LGRBs are now thought to originate from

the death of a rapidly rotating Wolf-Rayet star that has lostits hydrogen and helium envelopes giving

a type I b/c supernova (b means no silicon observed in the SN spectrum and c means no silicon or

helium; Paczynski, 1986; Woosley, 1993; Paczynski, 1998).

If the massive star originates in a low metallicity environment then it will lose less mass via stellar winds

and thus retain the majority of its angular momentum (MacFadyen & Woosley, 1999; Hirschi, Meynet,

& Maeder, 2005; Woosley & Bloom, 2006; Langer & Norman, 2006;Yoon, Langer, & Norman, 2006).

It is thought this will lead to fast rotation speeds which areimportant for launching the jet.

There are now six cases where a GRB or an XRF and SN have been associated with each other and

they are summarised in Table 1.2. In all cases these were typeIc hypernovae, unusually powerful SN.

However, only GRB 030329 was a typical GRB as GRB 980425 was underluminous and the others are
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GRB SN Satellite detecting GRB Classification of GRB

980425 1998bw Beppo-SAX Underluminous(1,2,3)

030329 2003dh HETE 2 Typical GRB(4,5)

031203 2003lw INTEGRAL XRF (6,7)

060218 2006aj Swift XRF and underluminous(8,9,10,11)

080109 2008D Swift(XRT) Weak XRF(12)

100316D 2010bh Swift XRF and underluminous(13)

Table 1.2: These GRBs/XRFs have been associated with type Ichypernovae, providing supporting

evidence for the massive star progenitor model.

(1)Paczynski (1998),(2)Galama et al. (1998),(3)Kulkarni et al. (1998),(4)Stanek et al. (2003),

(5)Hjorth et al. (2003),(6)Malesani et al. (2004),(7)Thomsen et al. (2004),(8)Campana et al. (2006),

(9)Pian et al. (2006),(10)Soderberg et al. (2006),(11)Mazzali et al. (2007),(12)Mazzali et al. (2008),

(13)Starling et al. (2011).

classified as very long XRFs.

In addition to the GRB-SN detections, there are now several cases where a SN “bump” has been de-

tected in the lightcurves of known GRBs (e.g. Castro-Tirado& Gorosabel, 1999; Bloom et al., 1999;

Cano et al., 2011). It has been shown that all observations oftypical LGRBs are consistent with being

associated with Ib/c SN although not all of these SN can produce LGRBs (Woosley & Bloom, 2006).

Although this association is widely accepted, there are still significant issues. There are examples of

XRFs where it is expected that the SN counterpart would be detected, but there was no association

(Soderberg et al., 2005; Levan et al., 2005). The class of LGRBs which are also known as SGRBs with

extended emission do not have SN counterparts to deep and constraining limits (Fynbo et al., 2006). An

XRF without an associated SN could be explained as belongingto the SGRB with extended emission

group where the initial short hard spike was missed (Soderberg et al., 2005). Even when the SN “bump”

is observed, there are cases where they simply do not fit the current models (e.g. GRB 020305 and XRF

030723; Gorosabel et al., 2005; Fynbo et al., 2004; Tominagaet al., 2004; Butler et al., 2005).
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1.5.2 Compact binary mergers

The progenitor of SGRBs needs to explain the observed differences between them and LGRBs; espe-

cially the lower isotropic energies (Berger, Morrell, & Roth, 2007; Nakar, 2007), lack of observed SN

to deep limits and association with older stellar populations. The most popular theory is the merger of

two compact objects, typically two NSs or a NS and a BH, to forma black hole although an alternative

progenitor is the accretion induced collapse (AIC) of a white dwarf (WD) (Lattimer & Schramm, 1976;

Paczynski, 1986; Goodman, 1986; Eichler et al., 1989; Narayan, Paczynski, & Piran, 1992; Meszaros

& Rees, 1992; Rosswog & Ramirez-Ruiz, 2003; Dermer & Atoyan,2006; King, Olsson, & Davies,

2007; Lee & Ramirez-Ruiz, 2007; Metzger, Quataert, & Thompson, 2008). During the merger, a torus

of material is produced that then accretes onto a central black hole powering the GRB in a similar man-

ner to that produced during a collapsar. The energy available for the GRB is proportional to the mass

of the accretion disk: for NS-NS (NS-BH) mergers this is 0.01M⊙ (0.1 M⊙) whereas a collapsar has

a torus of a few M⊙ (e.g. Lee & Ramirez-Ruiz, 2007). This explains why SGRBs tend to have lower

isotropic energies than LGRBs. As these systems are the old remnants from massive stars this progeni-

tor would also explain the lack of SN and association with older stellar populations. The accretion rate

is very high so the torus is accreted onto the central BH within∼0.3 s (e.g. Rezzolla et al., 2011) which

is consistent with the short durations. As some material is ejected from the merger, there have been

predictions of a “mini” SN or “macronova” (Li & Paczyński, 1998; Rosswog et al., 1999; Rosswog,

2005; Kulkarni, 2005; Metzger et al., 2010).

Simulations of these mergers are vital to aid in the understanding of how the system merges, the rem-

nant formed, how the jet is launched and its duration. However, these simulations are highly complex.

NSs and BHs have extreme reletivistic gravitational fields so full general relativity, in a regime it has

not been tested in, is needed to model these systems. In addition to their extreme gravitational fields the

nuclear equation of state of NSs also needs to be taken into account, as this will describe the remnant

and torus formed, but again we do not know how matter behaves in the incredibly high densities that

NSs experience. The extreme magnetic fields that occur during these mergers are likely to be important

and are also difficult to model. Additionally, these simulations are very computationally expensive and

hence are often run for very short durations, i.e. the first 1-2 s after the merger. This makes it very dif-
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ficult to use these simulations to constrain late time properties. Many theorists have modelled different

aspects of these compact binary mergers and a recent review of these simulations is given by Rosswog

(2010).

Although a BH is generally considered to be the remnant of themerger, there is increasing evidence

that a stable or unstable massive NS (likely a magnetar) may be formed instead (Dai & Lu, 1998a; Dai

et al., 2006; Yu & Huang, 2007) and this option is discussed inmore detail in Chapters 4 and 5 of this

Thesis.

This theory relies upon the formation of compact binary starsystems. Several stellar population studies

have been completed and it is possible, although difficult, to produce compact binary systems (a recent

example population study was completed by Eldridge, Langer, & Tout, 2011). The typical formation

route (as described in, for example, Tauris & van den Heuvel,2006) starts with two massive stars (of

masses≥12 M⊙). The most massive star evolves first, becoming a red supergiant, leading to mass

transfer to the smaller star via Roche Lobe overflow. After∼15 Myr, the most massive star undergoes

a SN explosion leaving behind a NS (or a BH for very massive primary stars). The secondary star

then evolves, also becoming a red supergiant with Roche Lobeoverflow so the secondary star accretes

matter onto the NS (giving a high mass X-ray binary). As the secondary star continues to expand there

is a common envelope phase causing the NS and the core to spiral in. After ∼25 Myr the secondary star

has lost its envelope and undergoes a SN explosion. This leaves behind a NS-NS binary system which

will slowly spiral inwards towards each other. The system will form in a region of active star formation

however, as it can take> 107 yr for the system to spiral inwards (see equation 1.9), the galaxy may

have significantly evolved before the merger occurs. This means that NS mergers will be associated

with older stellar populations and consequently can be found in all types of host galaxy.

During their formation within SN, the NS may receive a “kick”(e.g. Fryer, 2004) which may disrupt

the binary system. If the binary is not disrupted, then the whole system will travel away from it’s

original birth place. When the second NS is formed, there is again a chance that the “kick” will disrupt

the binary (although the second NS may not receive such a “kick”; van den Heuvel, 2010). There are

many uncertainties surrounding the formation of these systems making it very difficult to estimate the

rate of mergers expected and uncertainties in beaming angles leads to further issues in estimating the
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number of SGRBs expected. Many studies have been completed to estimate the rates with uncertainties

covering several orders of magnitude (e.g. at z=0 NS-NS merger rate 1 – 800 per yr−1 Gpc−3, NS-BH

merger rate 0.1 – 1000 per yr−1 Gpc−3; Lee & Ramirez-Ruiz, 2007).

If the binary survives both SNe, and the NSs are close enough,then the orbits of the NSs will decay via

gravitational radiation. This was proved for the Galactic binary NS system observed by Hulse & Taylor

(1974), Taylor et al. (1992) and Weisberg & Taylor (2005) andthis system will merge in∼3×108 years.

The time till the two NSs merge can be described by:

τinspiral = 107 yrP
8

3

orb,h

(

M

M⊙

)
2

3

(

µ

M⊙

)−1

(1− e2)
7

2 (1.9)

whereτinspiral is the number of years before the NSs will merge, e is the eccentricity of the system,

Porb,h is the orbital period in hours, M is the mass of the system,µ is the reduced mass of the system

(µ = m1m2

m1+m2
; Lorimer, 2005).

During the final stages of the merger vast amounts of gravitational waves are expected to be emitted.

These signals were searched for by the Laser Interferometric Graviational Wave Observatory (LIGO,

the most recent results are published in Abadie et al., 2010a) and would provide the “smoking gun”

observation required to confirm compact binary mergers as a SGRB progenitor. To date no binary

mergers have been detected by LIGO although this is not surprising as they are typically too distant to

be observed. GRB 070201 may be associated with M31, however LIGO has discounted a binary merger

in M31 (Abbott et al., 2008). However in 2014 Advanced-LIGO comes online which is expected to

detect binary mergers within 445 Mpc (Abadie et al., 2010b).If no gravitational waves are still detected,

it will start to place interesting constraints on the SGRB progenitor theory.

Combining the “kicks” and long merger timescales, the binary system could travel a long way before

merging. If the “kick” velocity is≥ 100 km s−1 then it could be unbound from its host galaxy (depend-

ing on the mass of the host galaxy) and this may explain some hostless SGRBs (Berger, 2010). For

smaller “kicks” they would remain bound to the galaxy and would trace the distribution of old stellar

populations. In both cases an offset from the host galaxy is expected. The predicted offset of SGRBs

from their host galaxies are found to be consistent with the observed distributions (Belczynski et al.,
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2006; Church et al., 2011).

1.6 Soft Gamma-ray Repeaters

After a giant flare of gamma-rays on 5th March 1979, resembling a GRB, there were multiple bursts

from the same location (Mazets et al., 1982). Typical GRBs have never been observed to repeat from

the same location which suggested this source had a different progenitor. Now several sources are

known to emit repeating bursts of soft gamma-rays. These Soft Gamma Repeaters (SGRs) have been

identified as Galactic sources. Some have been associated with quiescent X-ray sources (Hurley et

al., 1996, 2000b; Kulkarni et al., 2003; Molkov et al., 2005;Tiengo et al., 2007), supernova remnants

(SNRs, e.g. Kulkarni & Frail, 1993; Vasisht et al., 1994) andclusters of massive stars (e.g. Mirabel

& Fuchs, 1999; Vrba et al., 2000; Figer et al., 2005). However, there are examples which are clearly

not associated with SNRs or massive star clusters. SGRs are now known to belong to the special class

of NSs known as magnetars, with magnetic fields ranging from1014–1015 G (these fields are a billion

times stronger than can be made on Earth). They are known to have spin periods of 2–9 s and are

spinning down rapidly, implying that they formed with millisecond spin periods and have spun down

within a few hundred years. Due to the large magnetic fields, it is thought that SGRs are more likely to

experience anisotropy during their formation which leads to large than average kick velocities, even as

high as∼1000 km s−1 (Gaensler et al., 2001). They are also believed to be young NSs, approximately

104 years, which were formed from bright SN in star forming regions (Duncan & Thompson, 1992;

Thompson & Duncan, 1995; Mereghetti, 2008). As some have been observationally associated with

clusters of massive stars we can place lower limits on the mass of the progenitor stars. SGR 1806-20

hasMprogenitor > 40 M⊙ (Mirabel & Fuchs, 1999) and SGR 1900+14 hasMprogenitor > 25 M⊙

(Vrba et al., 2000). This supports the massive star progenitor theory.

This is not the only potential progenitor of these magnetars, Levan et al. (2006b) have proposed that

magnetars can be formed via the accretion induced collapse of a white dwarf (WD) or WD–WD merg-

ers. In this case, there would be no accompanying SN and the magnetar would be associated with an

older stellar population or even kicked out of the host galaxy. Alternatively, as previously discussed,
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Figure 1.7: This figure shows the BAT count rate lightcurve (50 – 350 keV) of the giant flare observed

from SGR 1806-20. The initial peak is not shown as it has an exceptionally high count rate. The tail

shows periodic emission which gives the spin period of the magnetar (Palmer et al., 2005).

magnetars could be formed within and power some GRBs.

These young, highly magnetic NSs are thought to be unstable.During the gamma-ray flares, the crust

is thought to rearrange itself giving a “magnetar quake”. This drives a strong current which energises

particles trapped within the magnetic field lines. As the field rearranges itself into a more stable con-

figuration a fireball of the energetic particles is released giving the gamma-ray flare (Thompson &

Duncan, 1995). However, some of the fireball may become trapped within the magnetic field lines

giving a ringing down signature in the lightcurves.

In 1981, the first anomalous X-ray pulsar was discovered (AXP; Fahlman & Gregory, 1981) and there

are now several candidates. It was postulated that these were also a type of magnetar (Thompson,

Lyutikov, & Kulkarni, 2002) and AXPs have now been observed to behave like SGRs (e.g. Israel et al.,

2010; Kumar & Safi-Harb, 2010).

1.6.1 SGR giant flares

On 5th May 1979, SGR 0526-66 was observed to emit a giant flare of gamma-rays. The energy emitted

in this explosion was∼ 2× 1045 ergs (Fenimore, Klebesadel, & Laros, 1996). Giant flares arethought

to originate from massive large scale restructuring in the crust of the magnetar (Thompson & Duncan,

1995). It is still unclear how many giant flares a magnetar canemit during its lifetime and a giant flare

has never been seen to repeat to date.

35



Chapter 1. Introduction 1.7. Neutron Stars

Since this date two other SGRs have been observed to emit giant flares: SGR 1900+14 (Hurley et al.,

1999) and SGR 1806-20 with the enormous luminosity of2 × 1047 erg s−1 on 27th December 2004

(Hurley et al., 2005; Palmer et al., 2005). The giant flare from SGR 1806-20 was the brightest extra-

solar transient ever observed, causing ionisation in the Earth’s upper atmosphere (Inan et al., 2007)

and had a measurable reflection from the surface of the Moon (Frederiks et al., 2007a). The lightcurve

from this event is shown in Figure 1.7 and the periodic tail emission provides the spin period of the

magnetar. Hurley et al. (2005) showed that this event would have been visible out to several tens of

Mpc and would resemble a SGRB.

1.6.2 SGR giant flares and SGRBs

After determining that SGR giant flares could be the origin ofsome SGRBs at redshifts≪ 0.1, the

next step would be identify candidate events. The main requirement would be an association with a

nearby galaxy. Although these extra-galactic giant flares should be easily detectable, the accompanying

optical afterglow would be very faint (Eichler, 2002; Levanet al., 2008). Tanvir et al. (2005) completed

a cross-correlation of BATSE positions with nearby galaxies and found that a small proportion of

SGRBs appear to originate in very nearby galaxies. Lazzati,Ghirlanda, & Ghisellini (2005) considered

the spectra of BATSE SGRBs in comparison to that of SGR giant flares and found 3 candidate events,

implying SGR 1806-20 is either closer to Earth than 15 kpc or that there are fewer SGRs in the local

Universe than expected. Recent work by Bibby et al. (2008) and Crowther et al. (2011) show that the

recent revision in the distance to SGR 1806-20 means the results by Lazzati, Ghirlanda, & Ghisellini

(2005) are consistent.

Several potential extra-galactic SGR giant flares have beenproposed and are listed in Table 1.3. When

considering the expected rate of these events given those detected in our own Galaxy, it is unlikely that

these are all SGR giant flares (Chapman, Priddey, & Tanvir, 2009). Three of these candidate events

(GRBs 051103, 070201 and 110406A) will be discussed in more detail in Chapter 2 of this Thesis.
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GRB Galaxy Association Duration Eiso

(s) (erg)

000420B M74 0.3 - (1)

050906 IC328 0.128 s 1.5× 1046 (2)

051103 M81 0.3 4.7× 1048 (3,4,5)

070201 M31 0.2 1.2 × 1047 (6,7)

110406A NGC 404 3 3.7× 1046 (8)

Table 1.3: This table summarises the SGRBs which are candidate extra-galactic SGR giant flares, all

were detected using theIPN except GRB 050906 which was found usingSwift. Data are not publically

available to calculate the isotropic energy for GRB 000420B.

(1) Ofek (2007),(2) Levan et al. (2008),(3) Ofek et al. (2006),(4) Frederiks et al. (2007a),(5) Hurley et

al. (2010b),(6) Mazets et al. (2008) ,(7) Ofek et al. (2008),(8) Rowlinson et al. (2011).

1.7 Neutron Stars

The structure of NSs is still unknown as it is unclear how matter behaves at such high densities, and

many theoretical models have been proposed to describe how the mass and radius of NSs vary. These

models are all attempting to describe the equation of state of a NS and a selection are shown in Figure

1.8. The equation of state of a NS is very important for the merger of two NSs, if it is a “soft” equation

of state then the material is highly compressible resultingin rapid collapse to form a BH whereas “hard”

equations of state lead to stable massive NSs (e.g. Oechslin, Janka, & Marek, 2007).

The mass range and maximum mass of NSs is vital when studying the merger of two NSs, so it is

important to measure the masses of known NSs. The maximum measured mass is for the Black Widow

Pulsar with a mass of 2.4 M⊙ but this value is subject to large uncertainties as it was measured using the

radial velocity of its binary companion (van Kerkwijk, Breton, & Kulkarni, 2011). The most massive

reliable mass is 1.97M⊙ measured using Shapiro time delay (Demorest et al., 2010) and may have

formed with this mass (Tauris, Langer, & Kramer, 2011). The NS mass distribution can be modelled

using stellar evolution codes, which predict that NSs have masses typically peaking at 1.3 and 1.8 M⊙.
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Figure 1.8: This figure shows some example NS equations of state giving the relationship between the

mass and radius of NSs (Lattimer & Prakash, 2004). The red region shows where the NS is rotating

so fast that the NS breaks up and the green region is forbiddenvia causality (speed of sound on NS

surface> speed of light).

Accretion onto a NS can allow higher masses to be attained. Using Bayesian block analysis of known

NS masses, there is a narrow distribution with M∼1.37 M⊙ and a broad distribution at M∼1.73 M⊙

(Valentim, Rangel, & Horvath, 2011).

If NSs with masses∼2 M⊙ are allowed, it is possible to make massive NSs (magnetars) during the

merger of two NSs. If rotating rapidly, it is even more likelya massive NS can temporarily support

itself from gravitational collapse via rotation up to 1.4Mmax, whereMmax is the maximum allowed

mass of a NS (dependent on the equation of state), and for a stable NS up to 1.2Mmax. Therefore

if the Black Widow Pulsar mass is correct (2.4 M⊙; van Kerkwijk, Breton, & Kulkarni, 2011) then

an unstable magnetar would be formed ifM < 3.4 M⊙ and a stable magnetar would be formed if
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M < 2.9 M⊙. Assuming the average mass of a NS is 1.4 M⊙ then typical mergers could result in a

stable magnetars. The most reliable maximum mass,∼2 M⊙, would imply that an unstable magnetar

would be formed via the merger of 2 average NSs. The stabilityof the final magnetar is dependent

on the masximum possible mass of a NS. Its lifetime depends onthe amount of mass accreted after

formation and the loss of angular momentum by gravitationalwaves or magnetic torques (e.g. Shibata

& Taniguchi, 2006; Oechslin, Janka, & Marek, 2007). Morrison, Baumgarte, & Shapiro (2004) studied

the effect that the equation of state of a NS and rotation would have on the remnant of a compact

merger, i.e. whether a NS or a BH is formed. Using 6 known Galactic NS binaries and a range of

equations of state, Morrison, Baumgarte, & Shapiro (2004) predict that the majority of mergers of the

known binaries will form a massive NS.

1.8 This Thesis

This Thesis will focus on the ongoing question of what are theprogenitors of SGRBs using a variety

of observational data to place constraints on the current theories. In Chapter 2 the progenitor of GRB

051103, a candidate extragalactic SGR giant flare, will be debated in light of an in depth analysis of

observational data. The work on GRB 051103 is based on Hurleyet al. (2010b). This Chapter will

also consider new results for GRBs 070201 and 110406A, two other candidate extragalactic SGR giant

flares observed by the IPN.

GRB 080905A, was a typical SGRB detected by theSwiftsatellite with an accompanying optical after-

glow which allowed the identification of the host galaxy. Chapter 3, based on Rowlinson et al. (2010a),

uses spatially resolved spectroscopy of the host galaxy to determine the nature of the local environment

and hence place constraints on the progenitor, which is mostlikely a compact binary merger.

Chapter 4 addresses the nature of the unusual X-ray afterglow of GRB 090515 which shows evidence

of significant ongoing energy injection followed by an extremely rapid decay phase. The origin of this

energy injection is suggested to be from an unstable magnetar formed via the merger of two NSs. This

Chapter comprises work published in Rowlinson et al. (2010b).
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Following on from GRB 090515, Chapter 5 examines the X-ray afterglows of allSwiftSGRB and finds

evidence of energy injection in a significant fraction of SGRBs. Additionally, the magnetar model is

fit to these afterglows and is postulated to explain this energy injection phase. This work is based on

Rowlinson et al. (in prep).

The final Chapter will summarise the key findings from the science Chapters whilst using them to draw

conclusions about the nature of the progenitor of SGRBs. Additionally, it will make suggestions for

future work using upcoming observational facilities.

Throughout this Thesis, a cosmology with H0 =71 km s−1 Mpc−1, Ωm = 0.27, ΩΛ = 0.73 is adopted.

Errors are quoted at 90% confidence for X-ray data and at 1σ for optical data and results from theoret-

ical models.
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Chapter 2
Extragalactic SGR giant flares as progenitors

of some SGRBs

2.1 Introduction

The main focus of this Chapter is GRB 051103 as a possible extragalactic soft gamma repeater (SGR)

giant flare and is based on work completed for the paper Hurleyet al. (2010b) (specifically Sections

2.2.2, 2.2.3, 2.2.4 and 2.2.5 are from that paper and were written by the author of this Thesis). Following

on from this two other candidates are studied: GRB 070201 andGRB 110406A.

GRB 051103 was an unusually bright burst detected by the Inter-Planetary Network (IPN) at 09:25:42

UT. It had a fluence of2.34 × 10−5 erg cm−2 (20keV – 10MeV) with a T90 burst duration of 0.17s

(Golenetskii et al., 2005). Ofek et al. (2006) presented optical (with limiting magnitude 20.5) and radio

observations (with a 3σ limiting flux of 1.5 mJy) of the entire provisional error quadrilateral provided

in the GCN circular (Golenetskii et al., 2005). No new sources were identified, however it was deter-

mined that the error quadrilateral did cross over star forming regions of M81. The studies conducted

by Frederiks et al. (2007a) focused on the gamma-ray light curve and energy characteristics of GRB

051103. They showed the error quadrilateral overlapped theextended HI disk of M81 and argued for
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the presence of a stellar population, linked to tidal interactions between M81 and M82 approximately

200 million years ago, throughout much of this region (Frederiks et al., 2007a). Section 2.2 presents

new, much deeper optical data than previously reported for the Section of the refined error ellipse clos-

est to M81, taken 3 days after GRB 051103 (and approximately 16 hours after the Golenetskii et al.,

2005, GCN notice). These data were used to search for possible optical counterparts of this SGRB, and

discuss the implications of its non-detection for its progenitor and putative association with M81. This

Chapter utilizes the distance modulus of M81, 27.8 mag, determined by HST observations of Cepheids

(3.6 Mpc, Freedman et al., 1994).

In Section 2.3, GRB 070201 is considered in more detail with new results obtained within the position

error box that have interesting consequences for the progenitor of this GRB. As stated in the introduc-

tion, GRB 070201 appears to be associated with M31 and has been suggested to be an SGR giant flare

(Mazets et al., 2008; Ofek et al., 2008). Abbott et al. (2008)have used LIGO observations to rule out a

compact binary merger in M31 at>99.9% confidence.

GRB 110406A was also detected by the IPN andINTEGRAL, with a duration of 3 s (Savchenko et al.,

2011) and a fluence of4.8 × 10−5 erg cm−2 (20 keV – 10 MeV; Golenetskii et al., 2011) and may

be associated with NGC 404 (Rowlinson et al., 2011). This association is discussed in more detail in

Section 2.4.

Implications of these results on the study of future extragalactic SGR giant flare candidates are dis-

cussed in the final part of this Chapter.

2.2 GRB 051103

2.2.1 Prompt properties

The first part of Hurley et al. (2010b), completed by K. Hurleyand collaborators, focused on the prompt

emission observations obtained by the IPN using a number of satellites and are summarised in this

Section. Hurley et al. (2010b) produced a new refined error ellipse, shown in Figure 2.1. The refined
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error ellipse was created using annuli between pairs of detectors on board the following satellites:

Konus-Wind(Aptekar et. al., 1995),HETE 2 (Atteia et. al., 2003),RHESSI(Smith et al., 2002),

INTEGRAL(Winkler, Pace, & Volonté, 1993),Swift (Gehrels et al., 2004) andMars Odyssey(Hurley

et al., 2006).

The prompt emission lightcurve, observed by BAT on boardSwift, was investigated for evidence of

a periodic component in the tail of the emission by creating periodograms and using a Monte Carlo

analysis to quantify the significance of any peaks. A periodic component has been observed in all

of the giant flares observed to date, but would not be expectedin the light curve of a typical SGRB

with a binary merger progenitor. The lightcurve of GRB 051103 from RHESSIis shown in Figure

2.2. No periodic component was identified in the light curve of GRB 051103 but it was shown that a

non-detection would not be surprising for an SGR on M81. Hurley et al. (2010b) scaled the periodic

component observed in the giant flare from SGR 1806-20 to the distance of M81 and determined the

signal, using a significance cut, would be 0.01σ.

The energy spectrum of SGR giant flares is typically very hardduring the initial spike with a soft

spectrum for the decaying tail, indeed sometimes the initial spike is consistent with a high temperature

blackbody spectrum (Mazets et al., 1979; Fenimore et al., 1981; Hurley et al., 1999; Mazets et al., 1999;

Hurley et al., 2005; Frederiks et al., 2007b). Spectral fits were conducted by Hurley et al. (2010b)

using data fromRHESSI, Suzaku(Yamaoka et al., 2009) andKonus-Wind. These spectra show the

spectral evolution expected for an SGR was observed for GRB 051103 as they were consistent with the

observed values for the giant flare from SGR 1806-20 (Hurley et al., 2005; Palmer et al., 2005; Boggs et

al., 2007; Frederiks et al., 2007b). It is possible to fit a blackbody to the high energy spectrum of GRB

051103 although an additional high energy power-law component is favoured in these fits, which was

not observed for SGR 1806-20. However, the results are also consistent with observations of SGRBs.

Hence, Hurley et al. (2010b) showed the prompt emission properties are consistent with the SGR giant

flares but cannot rule out a typical SGRB.
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Figure 2.1: The original IPN error trapezium (dashed line),the 3σ refined error ellipse for the position

of GRB 051103 (solid line), and the fields of the region studied using KPNO (large squares). The cross

indicates the center of the ellipse and the most likely arrival direction of the burst. Approximately 65

square arcminutes of the ellipse are contained within the old error box. These are overlaid upon an

image of the area surrounding M81 from the Digital Sky Survey. The possibility that this burst came

from the inner disk of M81 is firmly ruled out. However, the brightest GALEX UV knots noted by Ofek

et al. (2006) are within the ellipse and indicate possible ongoing star formation in the outer spiral arm.

(Lipunov et al., 2005) noted the presence of two galaxies within the initial error box, PGC 2719634

and PGC 028505. The former galaxy lies at the 18% confidence contour of the ellipse, and remains a

plausible host candidate, while the latter lies at the 0.03%contour, and is unlikely to be the host.
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Figure 2.2: This figure, taken from Hurley et al. (2010b), shows the lightcurve of GRB 051103 in the

top panel obtained fromRHESSI(60 keV – 3 MeV, 1 ms time resolution). The middle and bottom

panels show the evolution of the peak spectral energy and thepower-law index of the spectrum fitted

usingRHESSIdata (black) and joint fits withKonus-Wind(grey).
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2.2.2 Optical Observations and Analysis

Observations were obtained on 6th November 2005 using the Mosaic wide field optical imaging camera

at the Kitt Peak National Observatory (KPNO) 4m telescope. These data reach a limiting magnitude

of ∼ 24.5 mag in the R band (measured by identifying the faintest knownpoint sources within the

images), which is considerably deeper than the study completed by Ofek et al. (2006) which had a

limiting magnitude of 20.5 mag. The observations covered the majority of the original error region,

and in particular that part nearest to the galaxy M81. The images were flat-fielded and sky subtracted

using standard tasks within IRAF1.

For comparison, pipeline-reduced images of the region fromCanada France Hawaii Telescope Legacy

Survey (CFHTLS) were obtained via the Virtual Observatory (Walton et al., 2006)2. The data were

found and downloaded by using the VODesktop and VOExplorer (Tedds, 2009). These formed part

of the wide synoptic survey in the R band, also to a limiting magnitude of∼25 (Ilbert et al., 2006).

Coincidentally, the region was imaged on 1st November 2005, 2 days prior to the burst, and re-imaged

within 1 month after the burst. This provided an ideal data set for comparison to the KPNO images as

the timescale between the first images by CFHT and the images from KPNO is only 6 days, minimising

any modulation in long-period variable stars in the disk/halo of M81.

Figure 2.1 shows the previous error quadrilateral, the refined 3σ error ellipse and the fields covered by

the KPNO observations, in relation to M81. The observationswere positioned to cover the original

error quadrilateral but still cover 62% of the refined 3σ ellipse and contain 76% of the total likelihood.

It is important to note that the observations cover the region closest to M81, and therefore this search

addresses the possible association of GRB 051103 with M81.

Initially, the images were searched for variability of afterglow counterparts, either at the distance of

M81 or in the background, by visual inspection (i.e. the images prior and after the GRB were blinked

between and new sources were looked for) and no obvious afterglow candidate was found. The mag-

1IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Univer-
sities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.

2This work makes use of EURO-VO software, tools or services. The EURO-VO has been funded by the European
Commission through contracts RI031675 (DCA) and 011892 (VO-TECH) under the 6th Framework programme and contracts
212104 (AIDA) and 261541 (VO-ICE) under the 7th Framework Programme.
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nitudes of sources within these images were then studied using SEXTRACTOR (Bertin & Arnouts,

1996) within the Graphical Astronomy and Image Analysis Tool (GAIA) 3. They were all calibrated

to the r band magnitudes of stars in the surrounding region aspublished in the Sloan Digital Sky Sur-

vey (SDSS Adelman-McCarthy et al., 2008). This calibrationwas completed using the magnitudes

given by SEXTRACTOR and comparing them to the known magnitudes of stars within the field. The

zeropoint magnitude used within SEXTRACTOR was adjusted until the magnitudes of the stars were

consistent with the known values for that filter. The r band filter used by CFHT matched the filter

used in SDSS however the filter used by KPNO was a Cousins R bandfilter. Although this is partially

taken into account in the calibration to r band magnitudes, there are some sources which have large

colour differences, for example very red sources. If a source appeared to differ in magnitude between

the CFHT and KPNO images, the colour correction was calculated using equation 2.1 developed by

Lupton (2005) and it was then determined if the magnitude difference was due to colour effects. The

required g band data were from the SDSS catalogue when available or via photometry of g band images

from the CFHTLS calibrated using SDSS sources in the field (Adelman-McCarthy et al., 2008; Ilbert

et al., 2006). If it was not due to colour effects, the source was investigated further. It is important

to note that there may be a source within the field which was varying but has not been identified due

to this colour correction method. However, this method would only miss objects with a variability of

≤0.3 magnitude (the average colour correction factor used).

R = r − 0.1837 × (g − r)− 0.0971 (2.1)

In nearly all cases, stars whose magnitudes varied significantly between the images were found to have

been caused by other factors, for example, being near chip edges or large diffuse galaxies unidenti-

fied by SEXTRACTOR. Chip edges often had noisy pixels which interfered with real sources or were

misidentified as sources by SEXTRACTOR. The large galaxies were often split into multiple sources

by SEXTRACTOR, this could be corrected using the SEXTRACTOR parameters but then other sources

were missed. One of the stars in the region studied has a varying magnitude on the images studied

3GAIA is a derivative of the Skycat catalogue and image display tool, developed as part of the VLT project at ESO. Skycat
and GAIA are free software under the terms of the GNU copyright.
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and further investigation confirmed it is likely a variable star. This star was a point like object whose

magnitude varied between the three different epochs of the rband images (6 days after the first CFHT

observations it was∼1 magnitude brighter in the KPNO images but was a comparable magnitude in the

CFHT images∼1 month later). Additionally, this source was present in images from different bands

and epochs in the CFHTLS observations. This star is consistent with being a type II Cepheid within

our own galaxy (e.g. Sandage & Tammann, 2006).

The extended sources were checked to look for a conventionalSGRB afterglow within a moderately

distant host galaxy, with a limiting magnitude of∼ 23.3 mag. If an extended source appeared to be

varying due to a possible point source being superimposed onit, the colour correction was calculated

and the object was studied in more depth by eye. This involvedusing the software to match seeing

conditions and measure the size of the object, and then to check if there was an indication of a change

in shape which might indicate a superimposed afterglow component. No candidates were found using

this analysis.

In addition to the photometry described above, PSF-matchedimage subtraction was also used to search

for afterglow candidates, using a modified version of the ISIS code (Alard & Lupton, 1998; Alard,

2000). ISIS first uses the location of sources on a reference image to check and correct for any rotation

or shift between the images being subtracted. The images arethen subtracted from the reference image

using a small stamp around each identified source. This method gives a better chance of finding sources

that are blended with other, brighter objects (i.e. bright host galaxies). Cosmic ray cleaning was

completed to remove elliptical artifacts and bright pixelscaused by cosmic rays hitting the detector.

The images were resampled onto a common pixel grid; the KPNO and CFHT images had different

numbers of pixels and had different pixel scales so it was necessary to put them onto the same grid to

allow subtraction. The KPNO data were subtracted from the CFHT data taken before and with the data

taken after the burst. No credible afterglow candidates were found.

The analysis of the images found no optical afterglow candidate in the region studied 3 days after GRB

051103. This can place constraints on the progenitor of GRB 051103 by considering the expected

results for the potential progenitors.
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2.2.3 Progenitor option 1: a SGRB

The optical afterglows of various SGRBs have been studied and these data can be used to predict the

range of afterglow properties of an SGRB of a particular gamma-ray fluence. There is evidence for

a reasonable correlation, to first order, between gamma-rayfluence and afterglow flux (Nysewander,

Fruchter, & Pe’er, 2009; Gehrels et al., 2008). Using XSPEC (Dorman & Arnaud, 2001), a model

spectrum of GRB 051103 was created by creating a dummy spectrum in theRHESSIand Konus-Wind

energy band, fit with theRHESSIand Konus-Wind joint fits in (Table 1; Hurley et al., 2010b) and the

normalisation was then calibrated to give the published fluence values. The fit was then extrapolated

to theSwiftenergy band to give the 15–150 keV fluence. The estimated 15–150 keV fluence of GRB

051103 is approximately9.6+14.5
−3.7 × 10−7erg cm−2.

It is possible to compare GRB 051103 to other SGRBs in the BAT catalogue (Sakamoto et al., 2008b)

using the approximate fluence, calculated for the energy band 15-150 keV, and the photon indices

(given in Table 1; Hurley et al., 2010b). GRB 051103 is isolated at the extreme bright, hard end of the

SGRBs in theSwiftdistribution (c.f. Figure 14 from Sakamoto et al., 2008b). Similarly, in the study

of short bursts by Mazets et al. (2004) over the much wider Konus-Wind energy range (10 keV – 10

MeV), of the 109 spectra which could be characterized by an Epeak, none exceeded 2.53 MeV. The

peak energy of GRB 051103 is approximately 3 MeV (Hurley et al., 2010b). Thus if GRB 051103 is

an SGRB rather than an SGR giant flare, it is a fairly extreme case.

The fluence of this burst was compared to other SGRBs observedby the Swift Satellite. Table 2.1

provides the data of SGRB with fluences in the band 15-150keV and late optical observations, obtained

from the relevant GCNs, and measured optical afterglows in the R band, approximately 3 days after

each burst1. For two of the bursts it was necessary to estimate the fluencein the correct energy band

using the same method as with GRB 051103. This is not a complete sample of SGRBs, as there are

a number with a relatively low gamma-ray fluence that were either not observed optically, were not

observed for longer than a few hours, or did not have a detected optical afterglow. This sample was

chosen so it does not rely on the assumption that the light curve can be extrapolated to later epochs and

because they are of a similar gamma-ray fluence to GRB 051103.Comparing the SGRBs in Table 2.1

1It is important to note the classification of some of these SGRBs are currently being debated (Zhang et al., 2009)
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Table 2.1: The observed fluence, in the energy band 15-150keV, of SGRBs with observed R band

magnitudes at approximately 3 days.

SGRB Fluence R band Magnitude at 3 days

10−7 erg cm−2 mag

051221A 11.6±0.4 (1) 24.12±0.28(2)

051227 2.3±0.3 (3) 25.49±0.09(4)

060121 26.7+5.3
−20.2

(5) 25±0.25(6)

060614 217±4 (7) 22.74±0.31(8)

061006 14.3±1.4 (9) >23.96±0.12(10)

070707 0.334+0.753
−0.316

(11) 26.62±0.18(12)

070714B 7.2±0.9 (13) <25.5(14)

071227 2.2±0.3 (15) >24.9(16)

080503 20.0±1 (17) 25.90±0.23(18)

(1) Cummings et al. (2005)(2) Soderberg et al. (2006)(3) Hullinger et al. (2005)(4) D’Avanzo et al.

(2009)(5) an approximate fluence calculated using spectral parameters published by Golenetskii et al.

(2006)(6) based on observations by Levan et al. (2006a)(7) Barthelmy et al. (2006)(8) Mangano et al.

(2007)(9) Krimm et al. (2006)(10) an upper limit based on observations 2 days after the burst completed

by D’Avanzo et al. (2009)(11) an approximate fluence calculated using spectral parameters published

by Golenetskii et al. (2007)(12) Piranomonte et al. (2008)(13) Barbier et al. (2007)(14) a lower limit

based on observations 4 days after the burst completed by Perley et al. (2009a)(15) Sato et al. (2007b)

(16) a 3σ upper limit published by D’Avanzo et al. (2009)(17) Ukwatta et al. (2008)(18) Perley et al.

(2009a)
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to GRB 051103 the optical afterglow is predicted to have an R band magnitude of∼ 24 mag as it is

at the higher end of the fluence distribution. This is within the limiting magnitude of the KPNO and

CFHTLS images used, but would have been unobservable in the images obtained by Ofek et al. (2006).

As no afterglow was observed, this rules out most typical SGRBs in the region of the error ellipse

covered by these images. However, there are cases of SGRBs with extremely faint optical afterglows,

for example GRB 080503, which had a similar fluence to GRB 051103 and an r band magnitude of

25.90±0.23 mag at 3 days (Perley et al., 2009a). So the observationscannot rule out an unusually faint

SGRB in this region similar to GRB 080503. Additionally, GRB051103 could be a classical SGRB in

the part of the error ellipse not studied in this Chapter.

2.2.4 Progenitor option 2: an SGR giant flare in M81

Conversely, GRB 051103 could be an SGR giant flare in M81 with similar energy to the giant flare

from SGR 1806-20 (Golenetskii et al., 2005) and a very faint optical afterglow (Eichler, 2002; Levan

et al., 2008). Using observations of the giant flare from SGR 1806-20, the apparent optical magnitude

of an SGR in M81 can be predicted. The distance to SGR 1806-20 has proven difficult to determine;

the distance modulus adopted by many authors is 15.8 mag (Corbel et al., 1997), although Bibby et

al. (2008) recently obtained a revised distance modulus estimate of 14.7±0.35 mag. This Chapter

continues to use the larger distance modulus as this will provide an approximate upper limit on the

absolute magnitude. The giant flare from SGR 1806-20 had an observed radio afterglow and this has

been used by Wang et al. (2005) to make predictions of the apparent R band magnitude of the afterglow.

Their analysis suggests that the giant flare would have had anapparent magnitude of∼ 22 at 3 days, and

hence an absolute magnitude ofM ≈ 6 mag. Taking this as the absolute magnitude of any afterglow

of GRB 051103 if it is an SGR giant flare, and using the distancemodulus to M81 of 27.8 (Freedman

et al., 1994) and equation 2.2, the afterglow would be expected to have an apparent magnitude of> 34

mag. Despite the many uncertainties involved in this calculation, there is some confidence that such an

afterglow would not be detectable with the data available.
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m−M = 5logd− 5 (2.2)

SGRs have been observed during periods of activity using ROTSE-I (Akerlof et al., 2000) andSwift

(for example Cummings et al., 2009), and IR observations have been obtained for SGR 1900+14 4.1

days after outburst detecting no variability (Oppenheimeret al., 1998). These have provided upper

limits on the optical afterglows from the softer spectrum, shorter, and weaker bursts seen during active

phases of SGRs but it is important to note that there have beenno reported rapid optical follow up

observations of galactic SGR giant flares, which have a significantly higher fluence and are spectrally

harder than these bursts. Therefore, this Section is completely reliant on theoretical predictions and

future observations may show discrepancies with these predictions. Indeed, these observations with a

limiting magnitude of 24.5 mag, giving an absolute magnitude -3.3 mag assuming it is at a distance of

3.6 Mpc, constitute one of the deepest absolute magnitude searches for an afterglow from a possible

SGR giant flare. This absolute magnitude is only exceeded by the search for an afterglow from GRB

070201, which is a candidate SGR giant flare in M31, corresponding to an absolute magnitude of -7.4

mag obtained 10.6 hours after the burst (Ofek et al., 2008). However, as discussed later, it is unlikely

that both of these events were SGR giant flares (Chapman, Priddey, & Tanvir, 2009).

From theGALEXUV imaging (Martin et al., 2005), there is evidence that the error ellipse does contain

star forming regions in the outer disk of M81. The two brightest UV sources are marked on Figure 2.3

(Ofek et al., 2006). These young stellar regions in M81 couldhost an SGR which could emit a giant

flare. Similarly, these UV regions could be the locations of massive star clusters, and SGRs 1900+14

and 1806-20 have been associated with massive star clusters(Mirabel & Fuchs, 1999; Vrba et al.,

2000). However, if GRB 051103 is an SGR giant flare in M81, a young (up to∼ 104 years old; Duncan

& Thompson, 1992) SNR might also be expected in the nearby region, although this association is still

being debated (Gaensler et al., 2001, 2005). When an SGR is formed, it is theoretically possible that it

is given a kick of up to1000 km s−1 or more (Duncan & Thompson, 1992) and therefore could have

traveled a distance of>10pc from the SNR. However, this is only equivalent to an angular separation

of ∼ 0.6 arcsec at a distance of 3.6 Mpc (Freedman et al., 1994). Hence, an accompanying SNR would
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still be expected to fall within the error ellipse. Of the known SNR in M81 (Matonick & Fesen, 1997),

there are none within the error ellipse.

M81 has been studied by theChandra X-Ray Observatory(Swartz et al., 2003) and three X-ray sources

are within the error ellipse. However, they have not been identified in visible or radio observations.

Additionally, they have not been identified with known SNR, nearby stars, are not co-incident with

HII starforming regions (the expected location of SGRs; Duncan & Thompson, 1992) and are more

likely to be X-ray binary systems than unidentified SNR (Swartz et al., 2003). This X-ray survey had

a limiting luminosity of3 × 1036 erg s−1, which means it would detect very young supernovae, as the

oldest supernovae with detected X-ray afterglows had a luminosity of∼ 1037 erg s−1 and an age of

∼ 60 years (Soria & Perna, 2008). Additionally, this survey would detect the X-ray luminous SNR as

these have a luminosity of up to∼ 1037 erg s−1 but would not detect the X-ray faint SNRs which have

a luminosity of∼ 1034 erg s−1 (Immler & Kuntz, 2005). SGRs are well known to be quiescent soft

X-ray emitters and Mereghetti et al. (2000) have measured the soft X-ray flux of SGR 1806-20 to be

approximately10−11erg cm−2 s−1. Frederiks et al. (2007a) determined that theChandra Observatory

would be unable to observe directly the persistent X-ray fluxfrom an SGR like SGR 1806-20 in M81.

An alternative method of searching for SNR is to use Hα and [OIII] narrow band observations. The

Isaac Newton Telescope (INT) has been used to search for planetary nebulae in M81 by Magrini et al.

(2001) and they have found 171 potential candidates, some ofwhich are in the nearby region of the

refined error ellipse. Their criteria for differentiating between an SNR and a planetary nebula is that

planetary nebulae cannot be spatially resolved and SNR are.A young SNR, as required for an SGR,

could be misidentified as a planetary nebula by this criterion, since a one arcsec region corresponds to a

physical size of∼ 20 pc. Young SNRs may well be significantly smaller than this, since an expansion

velocity of a few thousand km s−1 over a magnetar lifetime of∼ 104 years leads to sizes of10−50 pc.

Indeed, many SNRs in M82 appear (based on radio maps) to be fairly compact (Fenech et al., 2008).

However, the nearest is still∼23 arcsec from the error ellipse, and earlier in this Chapterit was shown

that an SGR in M81 would only be able to travel∼0.6 arcsec from its birthplace. The Hα luminosity

of SNRs in nearby disk galaxies tends to be greater than∼ 1036 erg s−1 (de Grijs et al., 2000) and

the work by Magrini et al. (2001) had a limiting Hα flux of less than6 × 10−17 erg cm−2 s−1 which

corresponds to a limiting luminosity of∼ 1035 erg s−1. Therefore, their survey would be expected to
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find a candidate SNR. The recently published Hα and [OIII] images from the INT Wide Field Camera

Imaging Survey (McMahon et al., 2001) were used, with a limiting luminosity of∼ 1035 erg s−1 at

the distance of M81 as these are the same images as used by Magrini et al. (2001), and compared with

21cm radio images from THINGS (Walter et al., 2008) and Chandra X-ray source positions (Swartz

et al., 2003) to search for previously unidentified SNRs within the error ellipse. There is a possible

circular 21cm radio source coincident with a Chandra X-ray source of approximately the right flux for

an SNR in M81 (source 15 in Swartz et al., 2003). However, the 21cm radio source is too large for an

SNR of the required age and there is no convincing supportingevidence of a source within the other

images studied. Using the published known X-ray sources it might have been expected to find an SNR

if it was very young or bright and it would have been expected to find an associated SNR using the Hα

images. No convincing associated SNR candidates within theerror ellipse were identified, however not

all Galactic SGRs have been associated with SNRs so this non-detection is inconclusive.

Although it has been determined that the error ellipse does cross potential star formation regions as

required by the majority of SGR models, it should also be noted that this is not essential for all. An

alternative route has been proposed for producing a magnetar by white dwarf (WD) mergers or the

accretion induced collapse (AIC) of a WD (King, Pringle, & Wickramasinghe, 2001; Levan et al.,

2006b). As WD have long lifetimes, WD-WD mergers would be associated with older populations of

stars. It is possible that AIC will drive off a fraction of theenvelope, leaving something akin to an

SNR behind (e.g. Baron et al., 1987). The mechanisms underlying AIC are poorly understood, and the

physical characteristics and detectability of such remnants are not clear. Therefore a SGR produced

through these channels could be formed in an old stellar population within the outer disk or halo, and

the non-detection of an SNR within the region does not place constraints on this model.

If the progenitor was an SGR giant flare, then there might be significant similarities in the light curve

and spectrum of GRB 051103 to the giant flare from SGR 1806-20,e.g. the hardness of their spectra

or a periodic component in the emission following the main peak. Ofek et al. (2006) noted that the

light curve of these two events were consistent, i.e. the light curve of GRB 051103 is similar to what

would be expected from an extragalactic version of the giantflare from SGR 1806-20. From Table

1 in Hurley et al. (2010b), for the joint RHESSI + KW fits, initially α = 0.13+0.14
−0.11 and it softens to

α = 0.39+0.35
−0.30. Although this is unusually hard for a GRB, it is consistent with the photon index of
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Figure 2.3:GALEXimage showing the UV sources within the error ellipse. Two ofthe brightest sources

discussed by Ofek et al. (2006) are highlighted by the circles within the ellipse.
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the giant flare from SGR 1806-20,α = 0.2 ± 0.3 (Palmer et al., 2005). The peak luminosity of GRB

051103, assuming it was from an SGR in M81, is approximately4.7 × 1048 erg s−1. This is a factor

of 10 brighter than the peak luminosity of the giant flare fromSGR 1806-20, which is2 − 5 × 1047

erg s−1 assuming it is at a distance of 15 kpc (Hurley et al., 2005). With the revised distance estimate

from Bibby et al. (2008), the peak luminosity of the giant flare from SGR 1806-20 would be7 × 1046

erg s−1, suggesting that a much smaller percentage of SGRBs are SGR giant flares. This value is 30

times fainter than the peak luminosity of GRB 051103 if it wasfrom an SGR giant flare in M81 and in

this case GRB 051103 would be the most luminous SGR giant flareobserved. In comparison, the peak

luminosity of GRB 070201 is1.14× 1047 erg s−1 assuming it was in M31 (Ofek et al., 2008), which is

an order of magnitude fainter than GRB 051103 and comparableto the giant flare from SGR 1806-20.

It is important to note however, that there is currently no theoretical upper limit for the energy of a

giant flare. Duncan & Thompson (1992) showed that the total energy available is given by equation

2.3 whereB15 = B/1015 G. Therefore, the magnetic field (B) of SGR 1806-20 would onlyneed to

increase by a factor of∼5 to produce a giant flare with an energy that is 30 times greater than the one

from SGR 1806-20.

E ∝ 3× 1047 B2
15 erg (2.3)

Although the gamma-ray data suggest that GRB 051103 may be anextragalactic SGR giant flare, it

is important to note that SGR giant flares are rare events. Considering plausible luminosity functions,

Chapman, Priddey, & Tanvir (2009) calculated the probability that the IPN would observe a giant

flare, with energy greater than the energy emitted by the giant flare from SGR 1806-20, in the region

surveyed during the 17 years it has operated. For one giant flare, they calculated the probability to be

10%. However, as discussed in the introduction, there are five potential candidates for extragalactic

SGR giant flares, including GRB 070201 near M31 which has beenproposed to be an SGR giant

flare by Mazets et al. (2008) and new results will be shared in Section 2.3. The probablility that the

IPN has detected two SGR giant flares, with energy greater than the giant flare from SGR 1806-20, is

0.6% (Chapman, Priddey, & Tanvir, 2009). Recently, severalnew SGR candidates have been identified
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including 0501+4516, 1550-5418 and possibly 0623-0006 (Barthelmy et al., 2008a; Krimm et al., 2008;

Barthelmy et al., 2008b), which may imply that the number of SGRs in the Milky Way is higher than

previously thought. In this case, the luminosity of the giant flare from SGR 1806-20 would have to be

at the peak of the luminosity function of SGR giant flares and therefore giant flares of this luminosity

must be extremely rare events. This argues that GRB 051103 isunlikely to be a second SGR giant flare

in the nearby Universe.

2.2.5 Conclusions regarding GRB 051103

This Section has presented new optical observations of GRB 051103 and have determined that there is

no R band optical afterglow with a limiting magnitude of∼ 24.5 mag (for an afterglow overlapping a

host galaxy, the limiting magnitude is∼ 23.3 mag) in the region of the error ellipse covered by these

observations. Comparison of the prompt emission of GRB 051103 with a sample of other SGRBs leads

to the conclusion that if it was a classical SGRB an optical afterglow would have been expected in these

observations.

In contrast, if GRB 051103 were an SGR giant flare in M81, non-detection of an afterglow would not be

surprising as the expectations for optical afterglow emission lie significantly below the limits obtained

here, or the limits likely to be attained via current technology. The case for an SGR origin would be

strengthened if there were an accompanying SNR within the error ellipse, but there is no evidence

of this. An SGR produced via AIC of a WD or WD mergers (Levan et al., 2006b) would, however,

remove the requirement for an SNR. Additionally, the luminosity of GRB 051103, assuming it is from

an SGR giant flare in M81, is significantly higher than known SGR giant flares but still attainable with

current theoretical models. Giant flares with luminosity similar to the giant flare from SGR 1806-20

are extremely rare and it is unlikely that GRB 051103 and GRB 070201 are both extragalactic SGR

giant flares.

These findings, and the conclusions drawn from the prompt emission (Hurley et al., 2010b), show that

GRB 051103 could be a giant flare from an extragalactic SGR in M81. However, it is very difficult

to confirm this progenitor for GRB 051103 and shows the challenges of identifying any SGRB as an
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extragalactic SGR giant flare.

Although this option has not been considered in detail, it ispossible that the progenitor of GRB 051103

was a compact binary merger in M81. In this case, it would justbe within the reach of current grav-

itational wave searches. This scenario was ruled out at>99.9% confidence for GRB 070201 in M31

using the Laser Interferometer Gravitational-wave Observatory (LIGO) observations, and distances out

to 3.5 Mpc were ruled out to 90% confidence (Abbott et al., 2008). The LIGO Scientific Collaboration

is currently considering a search for gravitational-wave signals in the data surrounding GRB 051103

(G. Jones and P. Sutton, private communication).

2.3 GRB 070201

Ofek et al. (2008) and Mazets et al. (2008) conducted an in depth analysis of the properties of GRB

070201, a candidate extragalactic SGR giant flare from the Andromeda Galaxy (M31) at a distance of

770 kpc. This GRB was detected by the IPN and would have an isotropic energy of∼ 1.4 × 1045 erg

if it was in M31. No optical afterglow was found to a limiting magnitude ofR < 17.1 mag at 10.6

hours after the trigger time. Using archival data, Ofek et al. (2008) showed several X-ray sources and

SNRs within the error trapezium which may be associated withthis GRB. They found no X-ray source

showing periodic behaviour as might be expected for an SGR and showed that the counterpart would

have an 0.2–10 keV X-ray flux of10−17–10−14 erg cm−2 s−1 (based on known SGR luminosities

which range between1033–1036 erg s−1).

2.3.1 Methods

This Section revisits GRB 070201 using up-to-date archivaldata within the Virtual Observatory (Wal-

ton et al., 2006). As described for GRB 051103, if the SGR was formed within a SN explosion, then it

may be possible to find a candidate quiescent X-ray counterpart associated with a SNR. It was previ-

ously noted in Section 2.2.4 that an SGR could travel>10 pc from the counterpart SNR during its104

year lifetime, this corresponds to an angular separation of∼ 3 arcsec at 770 kpc. Using 3 arcsec as the
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maximum separation within errors, the 2XMMi catalogue (Watson et al., 2009) was crossmatched with

all known SNR positions in M31 (Magnier et al., 1995) using Topcat4. 8 candidate matches were found

using this method, however only 1 resides within the error trapezium (source 1 in the tables). These

candidates and the error trapezium are shown in Figure 2.4 and data are provided in Table 2.2. Using the

area of M31 (44610 square arcmin, calculated using the HyperLeda data; Paturel et al., 2003) and the

area of the error trapezium crossing M31 (∼400 square arcmins), the number of expected crossmatches

by chance found within the error trapezium is 0.07.

The probability of randomly picking a position within the boundary of M31 which is 3 arcsec away

from a SNR is given by the ratio of the area covered by SNRs and the total area of M31. Using the

published diameters of SNRs within M31 (or assuming a point source where no diameter is given;

Magnier et al., 1995), plus 3 arcsec, the total area covered by SNRs in M31 is 38.211 square arcmin.

Therefore, the chance of randomly picking a position withinM31 which is within 3 arcsec of a SNR is

0.086%. Completing the same calculation for all the 2XMM sources within M31 and a typical position

error of 2 arcsec, the chance of randomly picking a position within M31 that is 3 arcsec away from a

2XMM source is 0.141%. The chance of choosing a position thatis 3 arcsec away from both a 2XMM

source and a SNR is 0.012%, assuming they are unrelated, and the probability that there is 1 random

match out of the 8 candidates is 0.096%. Therefore, the matches are unlikely to be due to random

chance.

X-ray source 1 (the source in the trapezium) is faint (∼ 7 × 10−14 erg cm−2 s−1) and is located

3.2±2.4 arcsec from a candidate SNR. This luminosity is consistent with the predictions for SGR

quiescent counterparts by Ofek et al. (2008). The SNR identification is uncertain (a knot in a nebula

with a diameter of 1.8 mm on the photographic plate; Baade & Arp, 1964) but if it is a young SNR,

as expected for an SGR, it may be more difficult to identify. Additionally the source is located on the

edge of a ring of star formation around M31 (Devereux et al., 1994). Figure 2.5 shows the location of

the candidate match on a UV composite image (using GALEX observations; Martin et al., 2005), the

source is on the edge of a bright UV emission region marking the presence of ongoing star formation or

massive stars as might be expected for an SGR candidate (e.g.Duncan & Thompson, 1992; Thompson

& Duncan, 1995; Mirabel & Fuchs, 1999; Vrba et al., 2000; Figer et al., 2005; Mereghetti, 2008).

4http://www.starlink.ac.uk/topcat/
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Table 2.2: The 8 candidate X-ray sources and their separation from the associated SNR. Diameters of the SNRs are providedwhere available. The

separations are from the X-ray source and the centre of the SNR, the errors are given by the sum of the 2XMM position errors and the position error

for the SNR.

Number SNR ID Diameter Separation from X-ray source Comments

(arcsec) (arcsec)

1 BA212 - 3.22± 2.9

2 1-008 16.6 2.81± 5.5 Source within SNR

3 3-041 1.2 2.55± 3.9

4 3-072 11.9 2.74± 5.3 Source within SNR

5 3-079 22.6 3.97± 3.8 Source within SNR

6 BA521 - 1.88± 0.7

7 K594 - 1.39± 4.7

8 BA650 - 3.17± 2.2
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Figure 2.4: The error trapezium of GRB 070201 is overlayed, in green, upon the Digitised Sky Survey

optical image of M31. The extent of M31 is shown in blue using the HyperLeda data (Paturel et al.,

2003) and the 8 SNR-2XMM crossmatched sources are shown using the red stars. This image was

created using Aladin (Bonnarel et al., 2000).
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Figure 2.5: A composite NUV (red) and FUV (blue) image usingGALEXdata of M31 created using

Aladin (Bonnarel et al., 2000). The green lines represent the boundaries of the error trapezium. The

red box is the SNR and X-ray source match, located on a UV emission region indicating ongoing SF

or massive stars.

Background active galactic nuclei (AGNs) make a large contribution to the X-ray sources in the 2XMM

catalogue so each of the 8 SNR-2XMM source crossmatches werechecked to ensure the source was not

a background AGN. Pineau et al. (2011) completed a cross correlation of 2XMM sources and the Sloan

Digital Sky Survey to identify AGN candidates and characterise their properties. In order to compare

the 8 candidate matches to the AGN sample, CFHTLS images (Ilbert et al., 2006) were obtained using

the Virtual Observatory (Walton et al., 2006). The R band magnitudes were calibrated using US Navy

Observatory (USNO) objects5. The magnitudes provided are for any sources lying within the 2XMM

position error for each source or the limiting magnitude of the CFHTLS survey (∼25 mag; Ilbert et al.,

2006). The 2XMM properties of the 8 candidate matches and thedeepest optical limit or detection are

5This research has made use of the USNO Image and Catalogue Archive operated by the United States Naval Observatory,
Flagstaff Station (http://www.nofs.navy.mil/data/fchpix/)
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listed in Table 2.3. The ratioFX

FR
was calculated using equation 2.4 from Chiappetti et al. (2005). It

is important to note that the large errors associated with the X-ray fluxes have a large impact on the

values for sources 1, 2 and 4 making them upper limits. These values were then compared to the AGN

population identified by Pineau et al. (2011) and shown in Figure 2.6. The candidates without a detected

optical source are generally inconsistent with the AGN population, whereas the others are candidate

AGN. However, sources 2 and 4 lie within the SNRs and they are likely to be associated. Source 1, the

candidate SGR counterpart, is unfortunately the only source which cannot be conclusively ruled out as

an AGN, although the nearby optical source may be related to the active star formation region and not a

background galaxy. Further X-ray observations are required to reduce the position error and the X-ray

flux errors which will assist in ruling out an AGN. Although itcannot be ruled out as an AGN, these

observations also do not rule out source 1 being an SGR counterpart.

log

(

FX

FR

)

= logFX + 5.51 +
R

2.5
(2.4)

This source may be detectable by current X-ray observatories, for exampleSwift, and a count rate can

be predicted using WebPIMMS6. It is assumed that this source is an SGR with a spectrum comparable

to SGR 1806-20 (photon index∼2.9, obtained using theSwift automated data products produced by

Evans et al., 2009) and a Galactic absorption ofNH = 1.5 × 1021 cm−2 for this position (Kalberla

et al., 2005). Source 1, with a 0.2 – 12 keV flux of(7.6 ± 7.7) × 10−14 erg cm−2 s−1, would have

a Swift XRT (0.3 – 10 keV) count rate of2.8+2.7
−2.8 × 10−3 count s−1. Hence, it is predicted that a 10

ks observation would detect∼30 counts from this source. This would enable a significantlyimproved

position and spectrum which may be able to exclude an AGN.

6WebPIMMS is a Web version of the PIMMS (v4.3) tool. PIMMS was developed by Koji Mukai at the HEASARC.
http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Table 2.3: The 2XMM catalogue properties of the 8 candidate X-ray sources and the deepest optical observation of that position. HR2 is the hardness

ratio between XMM bands 2 and 3.The optical magnitudes were converted into fluxes and compared to the X-ray fluxes using themethod described

in Pineau et al. (2011). These sources are then compared to the AGN population identified in Pineau et al. (2011).

Number Source ID RA Dec Position Error Flux (Fx) HR2 Optical limit log
(

FX

FR

)

(arcsec) (erg cm−2 s−1) (magnitude)

1 2XMMi J004604.1+415236 11.5171 41.8768 2.6 (7.6 ± 7.7) × 10−14 0.20±0.87 20.7 <1.23

2 2XMMi J004304.4+413609 10.7683 41.6026 2.5 (5.8 ± 8.2) × 10−15 -1.00±0.58 21.1 <0.35

3 2XMM J004135.6+410655 10.3986 41.1156 0.9 (1.4 ± 0.7) × 10−14 -0.57±0.09 >25 >1.33

4 2XMM J004404.8+414844 11.0202 41.8123 2.3 (1.1 ± 7.0) × 10−14 -0.49±0.24 20.1 <0.72

5 2XMMi J004413.4+411954 11.0561 41.3319 0.8 (1.2 ± 0.5) × 10−14 -0.44±0.08 >25 >1.34

6 2XMM J004253.3+412550 10.7225 41.4307 0.4 (3.4 ± 0.3) × 10−14 -0.71±0.03 >25 >1.98

7 2XMM J004452.7+415458 11.2196 41.9162 1.7 (1.2 ± 0.5) × 10−14 -0.29±0.19 >25 >1.34

8 2XMMi J004556.6+421107 11.4862 42.1852 1.9 (1.3 ± 1.1) × 10−14 0.97±0.14 >25 >0.79
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Figure 2.6: (a)log
(

FX

FR

)

and the 0.2 – 12 keV flux of each of the X-ray sources which are associated

with SNRs overlaid upon the results for the AGN population (Figure 4c from Pineau et al., 2011).

Source 1 is marked with a filled black circle. (b)log
(

FX

FR

)

and HR2, the hardness ratio between XMM

bands 2 and 3, for the X-ray sources studied (Source 1 is marked with a filled black circle) overlaid

upon the AGN population. The grey data points were unresolved in the SDSS, the green data points

were resolved in the SDSS and the pink symbols represent AGN which are type 2 QSOs (square) or

X-ray selected AGN (triangle) (Figure 8d from Pineau et al.,2011)

.
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2.3.2 Conclusions regarding GRB 070201

It has been shown that an SGR kicked from its formation place would be a distance of∼3 arcsec from

an associated SNR at a distance of M31. This Section has identified an X-ray source located 3.2± 2.4

arcsec from a SNR within the error trapezium of GRB 070201. There were only 7 other such matches

within M31 so the chances of finding 1 within the error trapezium is very low. The likelihood of a

chance alignment of a SNR and a 2XMMi source, within the boundary of M31, has also been shown to

be unlikely giving increased confidence that all 8 matches are associated with each other. This source

has the flux expected for a quiescent SGR counterpart in M31, lies at approximately the right distance

from a SNR and is located in a region of active star formation as expected for a massive star progenitor.

It is an ideal candidate quiescent counterpart for an SGR giant flare.

However, it is not possible to discount this source as a background AGN due to large uncertainties in

the X-ray observations, it has been shown that the other 7 matches are unlikely to be background AGN

as expected. There are also large positional uncertaintiesfor GRB 070201 and uncertainties in both

the SNR candidacy. With future deep observations of the X-ray source, it may be possible to clearly

identify it with the SNR but, as no SGR has been observed to emit multiple giant flares, it is unlikely

to be unambiguously associated with GRB 070201.

This Section has shown the methods that could be used to identify quiescent counterparts in the future

given improved GRB positions and deep X-ray observations.

2.4 GRB 110406A

GRB 110406A was among the brightest bursts detected by SPI-ACS (anti-coincidence system) on

boardINTEGRALwith a duration∼ 3 s and peak flux of3.8×105 counts s−1 (Savchenko et al., 2011).

TheT90 duration is calculated using the published 80 keV – 100 MeV lightcurve7 (shown in Figure

2.7) and a program developed by R. Willingale for Rowlinson et al. (private communication), giving

7Available here:
http://www.isdc.unige.ch/integral/ibas/cgi-bin/ibasacsweb.cgi/?trigger=2011-06-10T15-21-32.000-00000-00000-0
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T90 = 1.017 ± 0.035 s.

This GRB was also detected usingKonus-Windidentifying a total duration of 8 s and a non-zero spectral

lag (∼ 130 ms for 300 – 1160 keV versus 18 – 70 keV lightcurves; Golenetskii et al., 2011) which is

extremely unusual for typical SGRBs (Norris & Bonnell, 2006). The Konus-Wind lightcurve is shown

in Figure 2.8. The total time-integrated spectrum of this burst was fitted by the Band et. al. (1993)

model withα = −1.24+0.08
−0.07, β = −2.30+0.15

−0.25 and a peak energy ofEp = 326+49
−42 keV (20 keV – 10

MeV; Golenetskii et al., 2011). This spectral fit gives a fluence of (4.8 ± 0.5) × 10−5 erg cm−2 and

peak flux of(1.5 ± 0.1)× 10−4 erg cm−2 s−1.

The IPN triangulated the position of this GRB (Hurley et al.,2011), shown in Figure 2.9 using the red

trapezium. This overlays much of the nearby (3 Mpc) galaxy NGC 404, which is clearly visible in

UV despite a nearby bright star. At this distance the isotropic energy release of this GRB would be

6 × 1046 erg, consistent with the giant flare from SGR 1806-20 (Rowlinson et al., 2011). NGC 404

has a high star formation intensity of2.2× 10−5 M⊙ yr−1 kpc−2, much of which occurs in a bright HI

ring (2.5 × 10−3 M⊙ yr−1, visible in the UV image) around the galaxy showing evidenceof a recent

galaxy merger event (Thilker et al., 2010). The presence of active star formation suggests that there are

massive stars available as may be required for the progenitor of an SGR (as previously mentioned for

GRBs 051103 and 070201).

Unfortunately, this location was in Sun constraint for manyweeks after the GRB so no follow-up

observations were possible. However, this remains an extremely interesting candidate extra-Galactic

SGR giant flare.

2.5 Implications for future studies

For future reference, it is important to note that with more accurate positions and rapid follow up ob-

servations it may be possible to observe the optical afterglows of extragalactic giant flares. Theoretical

models of SGR giant flares often assume they are similar to theblast wave model used to describe clas-

sical GRBs. Wang et al. (2005) use the blast wave model and radio observations of the giant flare from
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Figure 2.7: The 80 keV – 100 MeV SPI-ACS lightcurve for GRB 110406A. The top left corner shows

the lightcurve with 50 ms binning, the red lines represent the background region chosen. Top right is

the 5σ signal-to-noise binning, the red lines represent the startand end of the significant bins. Bottom

left is the significance of each bin relative to the background rate, the red lines represent the start and

end of the significant bins. Bottom right is the cumulative fluence (in counts) for the duration of the

transient, the red lines represent theT90 duration.
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Figure 2.8: TheKonus-WindLightcurve of GRB 110406A, with a 16 ms time resolution on theleft and

a 2.944 s time resolution on the right. (Golenetskii et al., 2011)

SGR 1806-20 to extrapolate the predicted optical afterglow. Shifting their prediction to the distance of

M81 (as in Section 2.2.4 and using equation 2.2), if there were a second potential giant flare in M81

the optical afterglow is predicted to have a peak apparent K band magnitude of∼20 mag at 86 s after

the giant flare and would fall to∼26 mag at 1 hour. This is observable with current and upcoming

facilities, for example the European Extremely Large Telescope (E-ELT). However, these predictions

are subject to many assumptions and future multi-wavelength observations are required to determine

the luminosity and behaviour of SGR giant flare afterglows.

With the prompt slewing capabilities ofSwiftand upcoming missions likeSVOM, it is more likely that

an X-ray afterglow is detected for SGRBs providing a more accurate position and other properties. If

GRB 051103 had been an SGR giant flare in M81, would an X-ray afterglow be observable? Although

gamma-ray afterglows have been observed for SGR giant flares, at 400 – 900 s after the giant flare
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Figure 2.9: The red error trapezium of GRB 110406A overlayedupon a composite NUV (red) and

FUV (blue) image usingGALEXdata of NGC 404 (the green circle illustrates the extent of this galaxy

obtained using the HyperLeda catalogue). This image was created using data from the Virtual Obser-

vatory (Walton et al., 2006) and Aladin (Bonnarel et al., 2000).

(Boggs et al., 2007; Mereghetti et al., 2005), no X-ray afterglow has yet been observed as there have

been no rapid X-ray follow up observations reported. Using the spectral fit for the afterglow (Boggs et

al., 2007) and the observed light curve (Mereghetti et al., 2005), the 20 keV – 20 MeV peak afterglow

flux was converted to the 0.3 – 10 keV flux:(2+700
−2 ) × 10−9 erg cm−2 s−1. Scaled to the distance

of M81, this would correspond to a flux of(3+1000
−3 ) × 10−14 erg cm−2 s−1. Using WebPIMMS1, the

Galactic NH in the direction of M81 (5.6×1020 cm−2; Kalberla et al., 2005) and the spectrum published

in Boggs et al. (2007), theSwiftXRT flux would be∼ 3.6+11974
−3.6 ×10−4 count s−1. Rapid observations

with a duration of>10 ks would be required to confidently detect such an afterglow component. Due

to the significant errors on these values, from the uncertainty in the spectral fit, it is not possible to

determine if an X-ray afterglow is expected.

An alternative method to estimate the X-ray afterglow assumes that the emission mechanism for SGR

giant flares is the same as for the normal flares observed. X-ray afterglows have been observed from

flares originating from SGR 1900+14 with a typical decay ofα ∼ 0.4 and luminosities of∼ 1036

erg s−1 at 0.1 s after the flares (Nakagawa et al., 2008). The giant flare observed from SGR 1900+14

1WebPIMMS is a Web version of the PIMMS (v4.0) tool. PIMMS was developed by Koji Mukai at the HEASARC.
http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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Table 2.4: X-ray afterglow flux predictions at a distance of M81. include adopted distances column

Template Event Adopted Distance Predicted X-ray Flux at 0.1 s Flux at 100 s Predicted Swift XRT

Afterglow Peak Luminosity Count Rates

(kpc) (erg s−1) (erg cm−2 s−1) (erg cm−2 s−1) (count s−1)

SGR 1900+14 13.5 9× 1037 6× 10−14 3× 10−15 8× 10−5

SGR 1806-20 14.5 9× 1038 6× 10−13 3× 10−14 8× 10−4

GRB 051103 3.6× 103 2× 1040 1× 10−11 8× 10−13 2× 10−2
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was detected byBeppoSAXwith a peak count rate of1.5 × 105 counts s−1, this is a lower limit as the

detector was saturated (Feroci et al., 2001). Using WebPIMMS, this was converted into a BAT count

rate and compared it to the peak flux of flares giving a scaling factor to predict the X-ray afterglow.

Table 2.4 gives the X-ray afterglow predictions for events like SGR 1900+14, SGR 1806-20 and GRB

051103 scaled to a distance of M81. The flux predictions are then given at 100 s, assuming a decay of

α ∼ 0.4 and a prompt slew of an X-ray telescope to the afterglow location (this is typically achieved

by Swift). The prediction for an SGR 1806-20 like event at M81 using this method is consistent with

the previous prediction using the gamma-ray afterglow. Thepredicted count rates also show that, with

a prompt slew and observation for 1 ks,Swift would be able to detect the afterglow of a giant flare in

M81. This analysis used the typical flares observed from SGRsand scales them up to a giant flare,

however it is becoming increasingly clear that there is an intermediate type of flare which are brighter

than typical flares and exhibit a long lived (1 – 8 ks) X-ray tail with a thermal spectrum (Lenters et

al., 2003; Gogus et al., 2011). These tails constitute∼ 1 – 2 % of the total energy output in the flare

and this percentage appears to be dependent on the SGR (Goguset al., 2011). If giant flares exhibit a

similar tail emission, then the X-ray fluxes predicted in this Section may be underestimates.

Given the predictions given in this Section, it seems the X-ray afterglow of an extragalactic SGR giant

flare might be detectable at the distance of M81 given a rapid slew to the position. However, the

predictions all have significant errors, due to extrapolating observations to different timescales and

energy bands, and are based on assumptions about SGR giant flare afterglows. More multi-wavelength

follow up on Galactic SGR flares, giant flares and candidate extragalactic SGR giant flares is required.

2.6 Extragalactic SGR giant flare rate in the local Universe

It has been shown statistically that both GRB 051103 and GRB 070201 are extremely unlikely to both

be SGR giant flares by Chapman, Priddey, & Tanvir (2009). However, since that calculation has been

completed several new SGRs have been identified and AXPs haveexhibited SGR-like behaviour so it

is worth revisiting. There are now 9 SGRs and 12 AXPs known in the Milky Way and the Magellanic
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Clouds8. Since the discovery of the first giant flare 32 years ago, there have only been 3 detected giant

flares from all the known SGRs giving the Galactic giant flare rate of 0.094 yr−1. For each known

SGR this gives a giant flare rate of 0.0104 yr−1. As AXPs have now been observed to exhibit SGR-like

behaviour, if they are also capable of producing giant flaresthis rate drops to 0.0045 yr−1 per known

SGR or AXP. The 3 observed giant flares would be detectable outto ∼4 Mpc, which encompasses all

three extragalactic candidates considered in this Chapter.

As the typical progenitors of magnetars are massive stars, the giant flare rate might be expected to

trace the star formation rate (0.68 – 1.45 M⊙ yr−1 for the Milky Way; Robitaille & Whitney, 2010).

Recently there was an UV survey of galaxies within 11 Mpc using GALEXobservations (Lee et al.,

2011). Converting the FUV magnitudes of all galaxies within4 Mpc to star formation rates using

equation 2.5 (Kennicutt, 1998), the total star formation rate within 4 Mpc is calculated to be 8.5 M⊙

yr−1.

SFR(M⊙ yr−1) = 1.4× 10−28Lν(erg s−1 Hz−1) (2.5)

Assuming the SGR giant flare rate is directly proportional tothe star formation rate, this would give

a SGR giant flare rate within 4 Mpc of 0.55 – 1.2 yr−1. Within the 21 year lifetime of the IPN, 11

– 25 SGR giant flares are expected to be detected within 4 Mpc. This is much higher than expected

given current observations, so it is likely that this resultis over simplified (e.g. the assumptions that the

giant flares are of similar magnitude and that they directly trace star formation are not good enough for

this analysis). Given the work by Chapman, Priddey, & Tanvir(2009), one of the candidates presented

within this Chapter is likely to be an SGR giant flare but it is extremely unlikely that 2 or more are real

SGR giant flares. It is important to note that all these rates are uncertain as they are based on small

number statistics within the Milky Way and the Magellanic Clouds and an assumption that the rate is

proportional to the star formation rate. The rates also exclude magnetar formation routes not associated

with older stellar populations such as NS-NS mergers (see Chapters 4 and 5), WD-WD mergers and

8http://www.physics.mcgill.ca/∼pulsar/magnetar/main.html
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AIC of a WD. Hence, although it is unlikely that more than 1 of these candidates are SGR giant flares,

this option cannot be fully discounted.

2.7 Overall Conclusions

Some SGRBs may be associated with nearby galaxies and are giant flares from extragalactic SGRs,

however, given current observations, they are very difficult to conclusively prove. Three good candi-

dates detected by the IPN have been presented in this Chapter.

• GRB 051103 was considered in depth in this Chapter, however the properties of this GRB are

consistent with both progenitor theories showing how difficult it is to discriminate between them.

Therefore, the progenitor of GRB 051103 remains elusive.

• The catalogued objects within the error trapesium of GRB 070201, one of the best cases for

an extragalactic SGR giant flare, has been reanalysed and a candidate quiescent counterpart has

been identified. Although this is not conclusively associated, it is unlikely that an X-ray source

and nearby SNR would be found within the error trapezium. With more accurate positions from

missions such asSwiftand the future missionSVOM, associations like this will be essential for

confirming the progenitor.

• GRB 110406A was unfortunately in Sun constraint preventingall follow-up observations so

remains inconclusive. However, the prompt properties and host galaxy association are consistent

with an SGR giant flare.

• Both of the error boxes for GRBs 070201 and 110406A cross overactive star formation rings

within their potential host galaxies, this suggests that the stellar populations present are consistent

with SGR progenitors and timely for their formation.

• It has been shown statistically that it is extremely unlikely that more than 1 of GRB 051103, GRB

070201 and GRB 110406A are SGR giant flares. Given the published results and the findings of

this Chapter, the most likely candidate is GRB 070201. However, this calculation is subject to
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small number statistics and assumptions about the SGR population tracing average star formation

rates in the local Universe.

• These candidates have illustrated the necessity for rapid,deep, multi-wavelength follow-up ob-

servations. With accurate positions, firm associations with host galaxies can be made and regions

within those hosts can be studied in detail. This, along withanalysis of the afterglow, can lead to

the identification of which are likely SGR giant flares and which are “typical” SGRBs.

This Chapter has focused on a potential progenitor for a small number SGRBs within the local universe,

however it is clear that SGR giant flares are not energetic enough to explain the cosmological distribu-

tion of SGRBs. The next Chapter uses an in depth study of a SGRBhost galaxy to place constraints on

the typical progenitor of SGRBs.
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Chapter 3
Discovery of the afterglow and host galaxy

of the low redshift short GRB 080905A

3.1 Introduction

This Chapter presents the discovery of the optical afterglow and host galaxy of the short GRB 080905A,

as published in Rowlinson et al. (2010a), and uses these observations to place constraints on the pro-

genitor. Its faint afterglow pinpointed its location to a spiral host galaxy atz = 0.1218, making it the

most local short burst yet known. SGRB 050709 has the next lowest confirmed redshift for a SGRB

at z = 0.16 (Fox et al., 2005), followed by SGRB 050724 associated with ahost galaxy atz = 0.257

(Barthelmy et al., 2005b; Berger et al., 2005). SGRB 061201 may be associated with a galaxy at lower

redshift ofz = 0.111 but it was not possible to confirm this as it was offset by 17 arc(Stratta et al.,

2007). In Section 3.2, the observations obtained of the afterglow of GRB 080905A are described and

the spectra obtained for the host galaxy. These data are analysed in Section 3.3, the implications of

these findings are discussed in Section 3.4 and conclusions are drawn in Section 3.5.

A redshift ofz = 0.1218 gives a luminosity distance of 562.3 Mpc, and 1 arcsec corresponds to 2.17

kpc.
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3.2 Observations and Analysis

3.2.1 Prompt emission properties

GRB 080905A was detected by Swift at 11:58:54 UT. It is a SGRB with T90 duration of 1.0± 0.1 s.

The Burst Alert Telescope (BAT) detected three flares peaking atT+0.04067±0.0007 s,T+0.17+0.03
−0.10

s andT +0.869± 0.003 s. The time averaged BAT spectrum was best fit by a power law with a photon

index ofΓ = 0.85± 0.24 and the fluence was (1.4± 0.2)× 10−7 erg cm−2 in the 15 - 150 keV energy

band (Cummings et al., 2008a). GRB 080905A was also detectedby INTEGRAL(Pagani & Racusin,

2008) and theFermi Gamma-ray Burst Monitor (GBM; Bissaldi et al., 2008). Usingthe redshift of

0.1218, the isotropic energy released is4.7± 0.7× 1049 erg in the 15 - 150 keV energy band.

Some short GRBs show evidence for a soft extended emission component in the prompt emission (e.g

Barthelmy et al., 2005b; Norris & Bonnell, 2006). There is noevidence of soft extended emission in

the BAT 15-25 keV light curve for GRB 080905A, with a limitingflux of < 5.2× 10−7 erg cm−2 s−1.

Additionally, short GRBs have negligible spectral lag in their prompt emission unlike long GRBs (Nor-

ris & Bonnell, 2006; Yi et al., 2006). A spectral lag analysisof GRB 080905A was performed, based

upon the cross correlation function methodology used in Ukwatta et al. (2010). The cross correlation

function method looks for similarities within lightcurvesof different energy bands and then determines

if high energy emission arrives at a different time to lower energy emission. This method is more

complex and accurate than simply comparing the arrival times of peaks which assumes the structure of

a peak and may struggle with highly variable lightcurves. The analysis considered several timescales

using 128, 64, 32, 16, 8 and 4 ms binned lightcurves and compared all six pairing combinations of

the BAT’s four energy channels. There is a lack of emission below 25 keV, which results in very low

cross correlation amplitudes for paired lightcurves containing channel 1. Channels 2 and 4 also have

relatively low emission, so in this analysis cross correlation between channels 2 and 3 were used and

the lag was determined using a gausian fit. The 1σ error is calculated using 1000 lag Monte Carlo

simulations. The lag time of GRB 080905A is4± 17 ms, which is consistent with zero as expected for

a short GRB.
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3.2.2 X-ray Afterglow Observations

The fading X-ray afterglow was located bySwiftwith an enhanced position of RA (J2000): 19 10 41.74

and Dec (J2000): -18 52 48.8 with an uncertainty of 1.6 arcsec(90% confidence; Evans, Osborne, &

Goad, 2008).

The time averaged X-ray Telescope (XRT) spectrum using the photon counting (PC) data is best fit by

an absorbed power law with photon indexΓ = 1.45 ± 0.25 and with an intrinsic absorptionNH =

1.6 ± 1.0 × 1021 cm−2 in excess of the Galactic absorption ofNH = 9 × 1020 cm−2 (Kalberla et al.,

2005). The combined BAT-XRT lightcurve can be fit with a broken power law decay model with one

break. The best fit model isα1 = 2.62+0.25
−0.13, breaking atT1 = 443+408

−84 s to a decay ofα2 = 1.49+0.60
−3.66.

Combined BAT-XRT lightcurves

The XRT lightcurve and raw BAT data were obtained from the UKSwift Data Centre (Evans et al.,

2007, 2009). To make a combined BAT-XRT lightcurve, the BAT data were processed using standard

HEASOFT routines1 and the BAT lightcurve was rebinned using 3σ significance bins using a code

produced by A. Beardmore and P. Evans. The BAT spectrum was then fit using a powerlaw in XSPEC

(Dorman & Arnaud, 2001), the total counts in the spectrum were recorded (CRtotal), and then the fit

was extrapolated to provide a total 0.3 – 10 keV flux (Fx). Each count rate data point (CRγ) in the BAT

lightcurve was then converted from 15 – 150 keV to 0.3 – 10 keV flux using the conversion in equation

3.1. The BAT lightcurve data points are then included in the XRT lightcurve. The resulting lightcurve

does not include spectral evolution during the burst, however as it is for a SGRB there are insufficient

data for detailed conversion. A program was written to automate several of these steps and this method

is used to make BAT-XRT lightcurves throughout this Thesis.

flux = CRγ ×
Fx

CRtotal
(3.1)

1http://heasarc.gsfc.nasa.gov/lheasoft/
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Restframe lightcurves

It is often useful to compare the restframe lightcurves of GRBs, by converting each flux, f, data point in

the BAT-XRT lightcurve to a luminosity, L, with a restframe time (calculated using eqation 3.2, where

z is the redshift andtobs is the observed time). The flux is converted to a luminosity using equation

3.3 where the luminosity distance,Dl, is found iteratively for a given redshift. There is a factor, kcorr

(Bloom, Frail, & Sari, 2001), which takes into account the spectral shape and the required energy bands.

This Thesis uses an adapted and automated program, initially developed by R. Willingale to convert

fluences to energies, to convert observed lightcurves into restframe lightcurves.

trest =
tobs
1 + z

(3.2)

L = 4πD2
l fkcorr (3.3)

Using the redshift of 0.1218, the combined BAT-XRT lightcurve of GRB 080905A has been converted

to the rest-frame time and 0.3 – 10 keV luminosity lightcurve, shown in Figure 3.1.

3.2.3 Optical Observations

Early optical imaging of GRB 080905A obtained only upper limits on the afterglow flux, which were

found by UVOT at T+ 114 s (V>21.3 mag, where T is the trigger time; Brown & Pagani, 2008), the

Mt. John Observatory at T+ 2580 s (R>20.8 mag; Tristram et al., 2008), and the MITSuME telescope

at T+ 2520 s (R>17.6 mag; Nakajima et al., 2008).

The observations began at the Nordic Optical Telescope (NOT)2 8.5 hours after the burst, with further

epochs obtained with the Very Large Telescope (VLT)3 utilizing the FOcal Reducer and low disper-

sion Spectrograph 2 (FORS2; Appenzeller & Rupprecht, 1992)taking place 14.3 and 36 hours after

2Based on observations made with the Nordic Optical Telescope, operated on the island of La Palma jointly by Den-
mark, Finland, Iceland, Norway, and Sweden, in the Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofisica de Canarias.

3Based on observations at ESO telescopes at Paranal Observatory under programme ID 081.D-0588.
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Figure 3.1: This shows the combined BAT and XRT luminosity and rest frame light curve for GRB

080905A. The BAT data are plotted until∼ 2 s and the XRT data are plotted starting at∼ 100 s.

Inset is the BAT lightcurve with linear observed time on the horizontal axis and BAT count rate on the

vertical axis.

the burst. A final R-band observation was made on 23 September, 17.5 days post burst. Using the In-

frared Spectrometer And Array Camera (ISAAC; Moorwood, 1997) a further K-band observation was

obtained on 1 October, 25.5 days post burst. Comparison of these observations allowed the discovery

of both a faint optical afterglow, and an underlying spiral host galaxy (Malesani et al., 2008; de Ugarte

Postigo et al., 2008).

The optical images were reduced in the standard fashion, andmagnitudes for the afterglow derived

in comparison to US Navy Observatory (USNO)4 and Two Micron All Sky Survey (2MASS)5 objects

4This research has made use of the USNO Image and Catalogue Archive operated by the United States Naval Observatory,
Flagstaff Station (http://www.nofs.navy.mil/data/fchpix/).

5This publication makes use of data products from the Two Micron All Sky Survey, which is a joint project of the
University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of Technology, funded by
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Figure 3.2: The circle marks the location of the afterglow ofGRB 080905A on the R special filter

images obtained using the VLT. the top image is from epoch 2 (5th September 2008), observed 14.3

hours after the trigger time, and the bottom image is from epoch 4 (23rd September 2008),∼18 days

after the trigger time (see Table 3.1). For reference, the two slit positions used for spectroscopy have

also been included.
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Figure 3.3: This shows the locations of the two slit positions used to obtain the spectra (dashed lines)

and the subapertures into which the spectra was divided intosubspectra. The dashed circle shows

the location of the optical afterglow. The main image shows the spiral arms in the R special filter

observation taken using the VLT. The inset on the right showsthe central bulge of the galaxy in the

K short filter on the VLT. In the bottom left corner, there is a sketch of the structure of the galaxy.

The bottom two panels are 2D spectra obtained using the grismon VLT. In the middle panel is the 2D

spectra for slit position 1 in which the emission lines get fainter when moving from the southern spiral

arm to the northern spiral arm and the absorption features dominate more in the northern spiral arm

than in the southern spiral arm. Additionally, the continuum in the northern spiral arm is fainter than

the southern spiral arm bluewards of the D4000 break. In the bottom panel is the 2D spectra for slit

position 2 in which faint emission lines can be observed and the continuum of the northern spiral arm.

The horizontal line shows the location of the GRB.82
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within the field (since conditions were not photometric at the time of the observations). As the afterglow

lies on the edge of its spiral host the host subtracted afterglow fluxes are obtained by subtraction of

the light from this galaxy, assuming zero contribution of transient light in the final epoch of optical

images. The resulting magnitudes are shown in Table 3.1. Theafterglow is faintR ∼ 24 mag, even

for a SGRB, and demonstrates the necessity of deep and rapid observations at the location of SGRBs.

Converting the optical magnitude of GRB 080905A to a flux of∼ 7 × 10−30 erg cm−2 s−1 Hz−1

and comparing it to the sample at 11 hours considered by Nysewander, Fruchter, & Pe’er (2009),

it is one of the faintest afterglows detected and, with a optical luminosity of∼ 6.7 × 1025 erg s−1

Hz−1, the lowest luminosity optical afterglow detected and liesbelow the trend observed between

optical afterglow intensity and isotropic energy, suggesting that this GRB occurred in a low density

environment. A reasonable extrapolation of the X-ray lightcurve, using the broken power law model

(described in Section 3.2.2) fitted within QDP, to the time ofthe optical imaging was used to determine

that the non-detection of the X-ray afterglow is consistentwith the decay observed. The location of

the optical afterglow is RA(J2000): 19 10 41.71 and Dec(J2000): -18 52 47.62, with an error of 0.76

arcsec, and is shown in Figure 3.2.

The afterglow is located∼9 arcsec from the centre of an R∼18 mag galaxy and it was concluded that

this is the host galaxy. To calculate the likelihood of a chance alignment of a similar or brighter galaxy

within 10 arcsec of the afterglow, the size of the host galaxywas compared to the area of the sky that

field galaxies of this magnitude or brighter would cover, giving the likelihood of finding a field galaxy

at this location (Hogg et al., 1997). The probability of a chance alignment is less than 1%. A more

accurate method would be to use the half light radius of the galaxy as described in Fong, Berger, &

Fox (2010), however it is difficult to calculate this due to contamination of foreground stars. The low

chance probability and the fact that the afterglow locationlies within the stellar field of the galaxy

both support the conclusion that this is the host galaxy of GRB 080905A. As for many GRBs without

afterglow redshifts, it is possible that GRB 080905A is associated with a higher redshift galaxy which

is fainter than the deep limiting magnitude of the optical images (R>25 mag).

The location of the afterglow is offset from the centre of thehost galaxy by a projected radial distance

of 18.5 kpc. This is a relatively large offset, but is comparable to several other SGRB locations (Troja

the National Aeronautics and Space Administration and the National Science Foundation (Skrutskie et al., 2006).
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et al., 2008; Fong, Berger, & Fox, 2010) and it is important tonote that the host galaxy is relatively

large so the host-normalised offset would be much smaller. Host-normalised offsets are calculated by

normalising the offset to the effective (half light) radiusof the host galaxy.

At a redshift ofz = 0.1218 a supernova like SN 1998bw would reach a peak magnitude of roughly

R ∼ 19.5 mag, a factor of>100 brighter than any object present in the final epoch. The lack of

any visible supernova component is in keeping with searcheswhich have been done in other SGRBs,

supporting the classification of GRB 080905A as a member of the SGRB population. For example,

Hjorth et al. (2005a) conducted an early search for a SN component for SGRB 050509B finding any

accompanying SN would be fainter than typical SNe and Fox et al. (2005) conducted place deep limits

for a SN component for SGRB 050709. These observations can also be used to probe the possible

production of radioactive Nickel during GRB 080905A. The ejection of radioactive material in the

process of an NS-NS merger may create a visible electromagnetic signal described as a mini-SN (Li &

Paczyński, 1998; Kulkarni, 2005; Metzger, Piro, & Quataert, 2008; Kocevski et al., 2010). The absence

of any late time emission brighter thanR ∼ 24 mag, coupled with the known low redshift makes these

constraints strong in the case of GRB 080905A, although the cadence of the observations is sensitive

to either relatively fast, or slow rise time (but not those ofintermediate duration). This suggests than

the radioactive yield associated with GRB 080905A is< 0.01M⊙, based on the low redshift model

developed by Perley et al. (2009a) for GRB 080503 and the general models in Kulkarni (2005).

3.2.4 Host Galaxy Spectroscopy

To characterize the host galaxy, deep spectroscopy was obtained on September 24th 2008, using FORS1

on UT2 of the VLT, Chile. These observations were obtained after the optical afterglow had faded. To

maximize wavelength coverage the 300V grism was used with the GG375 filter to suppress contami-

nation by the second spectral order. This results in a wavelength range∼3700 to 9200Å.

The 1.0 arcsec wide slit was oriented along two different fixed position angles, illustrated in Figure

3, and4 × 450 second exposures were acquired for each slit position. The two slit positions (-104.1

and -42.7 degrees) were chosen to cut through the host galaxycovering the nucleus as well as spiral
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Epoch Date mid point Time after trigger Telescope Exposure time Filter/grism Seeing Magnitude

(UT) (hours) (s) (arcsec) (mag)

1 Sep 05 20:30 UT 8.5 NOT 1800 R 0.9 24.04 ± 0.47

2 Sep 06 02:39 UT 14.3 VLT 2400 R special 1.05 24.26 ± 0.31

3 Sep 07 00:29 UT 36 VLT 2400 R special 0.85 > 25.0

4 Sep 23 00:44 UT - VLT 2400 R special 0.85 -

5 Oct 01 01:15 UT - VLT 7200 K short 0.65 -

(slit position 1) Sep 24 01:39 UT - VLT 3600 grism 0.9 -

(slit position 2) Sep 24 02:27 UT - VLT 3600 grism 0.9 -

Table 3.1: Log of observations of the afterglow and host of GRB 080905A. The magnitudes shown for the afterglow are host subtracted, assuming

zero contamination from the afterglow in epoch 4. Magnitudes have been corrected for foreground extinction ofE(B − V ) = 0.14 mag.
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arms on either side of the galaxy (hereafter “slit position 1”), and to cover the afterglow position and

cut through a nearby spiral arm (hereafter “slit position 2”). Seeing conditions during the observations

were reasonable with an average seeing of 0.9 arcsec and meanairmass of 1.2 (slit position 1) and

1.3 (slit position 2). The data were reduced by Klaas Wiersema using standard procedures in Image

Reduction and Analysis Facility (IRAF)6. The four exposures per slit position were combined before

extraction, removing cosmic rays in the process.

The spectra of slit position 1 and 2 were extracted in the sameway: the relatively bright continuum of

the bulge (slit position 1) or a nearby bright star (slit position 2) were used to fit the shape of the trace

function, and extract using 10 adjoining, equally sized subapertures following this trace. Subapertures

are 7 pixels in size in both slit position 1 and 2 data, which corresponds to 1.76 arcsec per subaperture

(pixel scale is 0.252 arcsec per pixel), i.e. a value matchedto twice the seeing full-width-at-half-

maximum (FWHM). At the redshift of the host galaxy, this corresponds to a physical scale of 3.8 kpc

per subaperture. In the following, the spectra extracted with these small apertures are refered to as

subspectra. Figure 4 shows examples of extracted subspectra. The GRB location is covered only by

slit position 2, and falls in subapertures 1 and 2. The subspectra are wavelength calibrated using He,

HgCd and Ar lamp spectra. From the FWHM of a Gaussian fit on the arc lines a nominal spectral

resolution of 11Å at the central wavelength is measured. This corresponds toa velocity resolution of

511 km s−1. However, this is the FWHM of a Gaussian fit to the emission line so the central position

of the Gaussian can be determined more accurately. The central wavelengths are used to determine

the redshift and the radial velocities of the host galaxy (inSection 3.3.2) allowing significantly more

accurate measurements.

Flux calibration of the subspectra was done using observations of the spectrophotometric standard star

LDS 749B, Atmospheric extinction correction was done by applying the average Cerro Tololo Inter-

American Observatory (CTIO) atmospheric extinction curve(Hamuy et al., 1994). A Galactic dust

extinction correction was performed by using theE(B − V ) value of 0.14 mag (Schlegel et al., 1998),

assuming a Galactic extinction lawAλ/AV expressed asRV = AV /E(B − V ) (Cardelli et al., 1989).

The standard assumptionRV = 3.1 mag is made (Rieke & Lebofsky, 1985). No Galactic Na I or K I

6IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Univer-
sities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation (Tody, 1993).
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absorption is detected in the spectrum, consistent with theE(B−V ) value from Schlegel et al. (1998).

Note that this calibration provides a goodrelativeflux calibration which is needed to evaluate changes

between the different subspectra, e.g in the strength of emission line ratios or some continuum features,

but does not provide a full absolute calibration.

From the detected emission lines the redshift of the GRB hostgalaxy is measured to bez = 0.1218 ±

0.0003.

3.3 Host galaxy properties

3.3.1 Host morphology

Visual inspection of the images in the R and K bands shows the host to be a nearly face-on galaxy,

with clear bulge, disk and spiral arm components. At least two spiral arms can be distinguished, one

on either side of the galaxy, which are hard to see due to a great number of foreground stars. Figure 3

shows the spiral arms as observed in the R band and inset is an image of the central bulge in the K band.

The detection of spiral arms in combination with the detected emission and absorption lines allows us

to loosely classify the host of GRB 080905A as an Sb/c galaxy.

By subtracting foreground stars from the images (conductedby Andrew Levan), the host of GRB

080905A has an R-band magnitude of R∼ 18.0 ± 0.5 mag. The large error arises not due to the

faintness of the object, but due to the uncertainty in subtracting the significant number of foreground

sources which overlap the spiral structure. Correcting forforeground extinction (E(B − V ) = 0.14

mag) this corresponds to an absolute magnitude ofMV ∼ −21 mag, and suggests that the host of GRB

080905A is broadly similar to the Milky Way.

Using the near-infrared mass-light ratio, equation 3.4 (Thronson & Greenhouse, 1988), and the K-band

magnitude of the host galaxy7 K = 16.2+0.4
−0.7 mag, the mass of the host galaxy is determined to be

M∗,old = 2 ± 1 × 1010M⊙. The errors are estimated based on the uncertainties in subtraction of the

7Converted to Jy using the NICMOS units conversion form (http://www.stsci.edu/hst/nicmos/tools/conversionform.html)
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foreground stars and identifying the extent of the host galaxy.

M∗,old(M⊙) = 2.6 × 108D2(Mpc)Fk(Jy) (3.4)

3.3.2 Rotation curve

The nearly face-on orientation of the host galaxy gives an excellent view of the location of the GRB

within the host, similar to GRB 060505 which also occurred innearly face-on Sbc galaxy (Thöne et

al., 2008). However, this favourable geometry complicatesmeasurements of the host dynamical mass,

required to test the consistency of this host, and GRB spiralhosts in general, with the mass – metallicity

relation at this redshift.

Visual inspection of the 2D spectrum shows no clear slant in the [S II], Hα, [N II], [O III], H β and

[O II] lines ([O II] are shown in 3.3). To determine the rotation curve of the galaxy (or upper limits),

the fxcor routines in the IRAFrv package were used to Fourier cross-correlate the spectra ofdifferent

subapertures of the slit position 1 spectra, finding their relative radial velocity as a function of distance

to the galactic nucleus. Spectral sections around the brightest emission lines are correlated, as well

as the full subaperture spectra (using also absorption features). A Gaussian function is fit to the cross

correlation peak to determine its centre and width. Betweenthe two subspectra with the highest signal

to noise emission lines, subapertures 3 and 7, a formal radial velocity difference of19 ± 38 km s−1 is

found. Using symmetrical subapertures about the galactic centre (4 and 8) the radial velocity is found

to be 30 +/- 160 km s−1. This value is using very weak emission lines in subaperture8, so is a much

less constraining limit.

Using the GALFIT software package (Peng et al., 2002) the host galaxy is decomposed to identify

the inclination angle. The acquisition images for the spectra are used, which have the best seeing

conditions. An empirical PSF is used as modelled through theIRAF DAOPHOT routines using several

moderately bright stars close to the GRB position. An inclination angle of∼ 23◦ is found, however

there are large errors associated with this value due to poorsignal to noise, contamination by bright
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stars and the near face-on inclination. This angle appears to be smaller than that identified for LGRB

980425,∼ 50◦ (Christensen et al., 2008).

3.3.3 Spatially resolved properties

The middle and bottom panels of Figure 3.3 show the subspectra from slit position 1 and 2, in which

differences in continuum shape and line properties can be seen, reflecting subtle changes in stellar

population properties dominating the differing subspectra. From Figure 3.3 it is clear that several field

stars are located close to and on top of the host. Some of the subspectra appear affected by light from

these stars, which can be seen by the presence of Balmer, Na and Ca lines at zero redshift, and from

the shape of the continuum.

The 2D spectra show clearly several basic properties of the host. In Figure 3.4, subspectra from sub-

apertures 4 (northern spiral arm), 6 (central bulge) and 8 (southern spiral arm) from slit position 1 are

shown. Additionally shown is the subspectra from subaperture 2 for slit position 2, corresponding to

the GRB location. The slit position 1 spectrum shows that thenebular emission lines, e.g. [O III] and

[O II], are strongest in the southern part of the host, and getdramatically weaker northwards of the

nucleus. This shows that the star formation rate is strongest in the spiral arm diametrically opposite the

GRB position, in stark contrast to the spiral host galaxy of LGRBs 980425, that show strongest star

formation at, or near, the location of the burst (Christensen et al., 2008). The GRB location appears to

lie in the extension of a spiral arm. The 2D spectrum of slit position 2, which probes this arm, clearly

shows strong nebular absorption lines of [O III] and [O II], and weaker Hα and Hβ at the location of

the spiral arm, but no emission line flux is detected at the location of the burst. At and near the GRB

location a weak, near featureless continuum can be seen.

The slit position 1 subspectra that are dominated by bulge light show clear absorption features com-

mon to old populations and ISM gas (Na I, Ca II, 4000Å break, G band), and show stellar atmosphere

Balmer absorption underneath the nebular Balmer emission.The other spectra have brighter nebular

lines and weaker 4000̊A breaks. As several of the subspectra are contaminated by light from fore-

ground stars, and the resolution of the spectra is low, the analysis is limited in this Chapter to the

89



Chapter 3. GRB 080905A 3.3. Host galaxy properties

Figure 3.4: This shows the observed spectra in the northern spiral arm, the central bulge and the south-

ern spiral arm. These correspond to subapertures 4, 6 and 8 from slit position 1. The lowest panel

shows the observed spectrum at the GRB location. There are residual features from sky line subtrac-

tion at∼5600Å, ∼6300Å and∼7600Å (shown by the dashed lines).
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nebular emission lines and the strongest absorption bands.

Using the relative fluxes of Hα and Hβ, it is possible to determine the flux ratio at different points in the

host galaxy, as shown in Figure 3.5. This gives an indicationof the reddening in the host galaxy, which

is important to consider as the metallicties and D4000 calculated may be affected by this value. Figure

3.5 shows that the southern spiral arm and central bulge are consistent with having little significant

reddening. However, the northern spiral arm shows significant reddening, and this will affect the R23

calculations. In the following analysis, the values for N2 and R23 are not corrected for extinction.

The extinction can be calculated using the Hα and Hβ ratio using equation 3.5 (Calzetti, Kinney, &

Storchi-Bergmann, 1994). The extinction varies from−0.11+0.04
−0.05 ≤ E(B − V ) ≤ 0.99+0.04

−0.05 mag.

E(B − V ) = 0.935 ln

(

(Hα
Hβ )

2.88

)

(3.5)

The emission line fluxes in each subspectrum in slit position1 are measured, and compute the metal-

licity profile along this slit position through theN2 indices, equation 3.6 (Pettini & Pagel, 2004). In

addition to these indices, the R23 metallicities are computed where possible using equation 3.7 (Pettini

& Pagel, 2004).

N2 ≡
[NII]λ6583

Hα
(3.6)

R23 ≡
([OII] + [OIII])

Hβ
(3.7)

In the slit position 2 subspectra only emission line upper limits can be determined at the GRB location.

The metallicity of the spiral arm that is covered by slit position 2 can be calculated through R23.

In Figure 3.5, The log(N2) index is shown (also converted into 12+log(O/H), calibrated using nearby

extragalactic HII regions, as defined by Pettini & Pagel, 2004), the Hα flux and R23 metallicity as

a function of distance in kpc from the centre of the galaxy (the centre is taken to be the centre of
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Figure 3.5: Panel 1 shows the Log(N2), Hα Flux, R23, D4000 and the flux ratio of Hα to Hβ as a

function of position from the centre of the host galaxy. Notethat the Hα Flux can only be used as a

relative value as it has not been absolutely calibrated. In the lowest panels, the Hα to Hβ ratio for zero

extinction are shown. In the second panel is the data from slit position 2 along the spiral arm and the

third shows the upper limits for the region in which the GRB occurred.
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subaperture 6). In the three horizontal panels these valuesare provided for slit position 1, slit position

2 (for the spiral arm in subapertures 4 and 5, subaperture 6 iscontaminated by a nearby star) and near

the GRB location (subaperture 1). The log(N2) index, where it was possible to measure, shows an

increasing metallicity from the southern spiral arm, through the central bulge and into the northern

spiral arm. The 12+log(O/H) value increases from 8.4 in the southern spiral arm to 8.7 in the northern

spiral arm. This is reinforced by the findings for R23 metallicity, which also shows that the northern

spiral arm has a higher metallicity than the central bulge and southern spiral arm. The R23 metallicity

is converted into 12+log(O/H) using the KK04 method described in Kewley & Ellison (2008). The

equations 3.8 – 3.12 are used to calculate the two values of12 + log(O/H) by iterating equation 3.10

and equations 3.11 or 3.12. The degeneracy is broken betweenthe two solutions using the result for

log(N2) given by equation 3.13. The errors on these values can be estimated from the errors on the R23

values shown in Figure 3.5, however there is an uncertainty associated with using the KK04 method in

Kewley & Ellison (2008) which is difficult to quantify. The metallicity at 2 kpc from the centre of the

host is found to be 8.9 or 8.1 in the southern spiral arm (it wasnot possible to break the degeneracy

between the two solutions in this arm), 8.9 in the central bulge, 8.5 in the northern spiral arm and

8.5 in slit position 2 at 13.4 kpc from the centre of the galaxy. However, these values for metallicity

calculated using R23 are likely to be affected by reddening in the host galaxy and the 12+log(O/H)

metallicity is reliant on breaking the degeneracy of two solutions. Therefore, this analysis is based on

the values obtained using log(N2) where possible and use theR23 values to corroborate the general

result. The values obtained for log(N2) are less sensitive to reddening due to the close proximity of

the two lines used to calculate this value. Taking the solar metallicity to be Z⊙=8.69 (Asplund et al.,

2004), it is noted that the southern spiral arm has 0.5 Z⊙ and the central bulge and northern spiral arms

have a value of 1 Z⊙. In the southern spiral arm, a metallicity gradient can be infered of -0.07 dex

kpc−1, which is consistent with the Milky Way gradient of -0.09±0.01 dex kpc−1 (Smartt & Rolleston,

1997; Rolleston et al., 2000). The Hα flux shows a decreasing trend from the southern spiral arm to the

northern spiral arm. The results from the spiral arm in slit position 2 tend to be in agreement with the

northern spiral arm in slit position 1. These results show that the southern spiral arm is an actively star

forming region and this is in direct contrast to the northernspiral arm. The limits at the GRB location

are provided for reference. The GRB is in the northern spiralarm, on the opposite side of the galaxy to

the active star formation.

93



Chapter 3. GRB 080905A 3.3. Host galaxy properties

x = logR23 (3.8)

y = logO32 (3.9)

log q =
32.81 − 1.153y2 + [12 + log(OH )](−3.396 − 0.025y + 0.1444y2)

4.603 − 0.3119y − 0.163y2 + [12 + log(OH )](−0.48 + 0.0271y + 0.02037y2)
(3.10)

12 + log(O/H)lower = 9.40 + 4.65x − 3.17x2 − log q(0.272 + 0.547x − 0.513x2) (3.11)

12 + log(O/H)lower = 9.72 − 0.777x − 0.951x2 − 0.072x3 − 0.811x4

− log q(9.0737 − 0.0713x − 0.141x2 + 0.0373x3 − 0.058x4) (3.12)

12 + log(O/H) = 9.37 + 2.03 log(N2) + 1.26(log(N2))2 + 0.32(log(N2))3 (3.13)

In addition to the emission line properties the 4000Å break (D4000) is measured, which is a use-

ful diagnostic for age and metallicity which can even be measured in relatively low signal to noise

(sub)spectra. Shortward of 4000Å is the start of stellar photospheric opacity, which takes into account

the mean temperature of the stars. Hotter stars (with shorter lifetimes) have more ionised metals in

their atmospheres, and hence a lower opacity, than cooler stars. This means that an older population

of stars will have a higher opacity and, subsequently, a larger 4000Å break (Bruzual, 1983; Poggianti

& Barbaro, 1997; Gorgas et al., 1999; Kauffmann et al., 2003;Marcillac et al., 2006). Marcillac et al.

(2006) have shown that D4000 is sensitive to metallicity once the age of the population exceeds a few

billion years or when it is>1.6. D4000 is calculated using the ratio between two bands ofthe contin-

uum, one redwards of the 4000Å break and the other bluewards. The Balogh et al. (1999) definition of

the D4000 continua is used, given in equation 3.14 with the wavelength ranges indicated in̊A, which is

less wide than the original definition by Bruzual (1983) and therefore less affected by dust reddening.

The calculated values are plotted in Figure 3.5 and provide aqualitative estimate of the relative ages of

the stars as a function of position in the galaxy. The estimated error for D4000 (calculated using the

RMS of the spectrum and the size of the bands) for slit position 1 is±0.12 and for slit position 2 is

±0.65. As expected, it shows that the galactic centre hosts anolder population of stars than the spiral

arms. Interestingly, it also appears that the northern spiral arm hosts an older population of stars than

the southern spiral arm. This reinforces the evidence of active star formation occuring within the south-

ern spiral arm and not in the northern spiral arm. Due to largeerrors, it was not possible to calculate
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D4000 at the GRB location.

D4000 =
Red[4000 − 4100]

Blue[3850 − 3950]
(3.14)

Using the approximate metallicity of this galaxy,log(O/H) + 12 ∼ 8.6 from log(N2), and the mass-

metallicity relation as measured by Kewley & Ellison (2008)using galaxies in the Sloan Digital Sky

Survey, the mass of the galaxy is estimated to be∼ 1010 M⊙. This is consistent with the value calcu-

lated using the near-infrared mass-light ratio.

3.4 Discussion

In previous spatially resolved studies of low redshift GRB host galaxies, it has been determined that

LGRBs are associated with regions of active star formation and hence provides support for the core

collapse supernova progenitor theory, for example LGRB 980425 and LGRB 060218 (Fynbo et al.,

2000; Wiersema et al., 2007; Christensen et al., 2008). Additionally, LGRBs at higher redshifts tend

to occur in the brightest regions of the host galaxy (Fruchter et al., 2006; Svensson et al., 2010) and

relatively small host galaxies (Wainwright et al., 2007). GRB 080905A is in direct contrast to these

results, occuring on the opposite side of a relatively largespiral galaxy to the most active star formation

region and significantly offset from the centre, so its progenitor is unlikely to be a massive star. The

properties of this specific region of the host galaxy are in agreement with the findings of Prochaska et

al. (2006) for typical SGRB environments. One of the theoretically predicted progenitors of SGRBs

is the merger of a compact binary, for example two neutron stars or a neutron star and a black hole.

Compact binaries are expected to be given a kick velocity during their formation which can allow them

to travel large distances from their birthplace (Wang, Lai,& Han, 2006, and references therein). These

events are expected to be associated with an older stellar population and offset from the host galaxy, as

observed for GRB 080905A.

To summarize, GRB 080905A has short, hard prompt emission with properties expected for a compact

binary merger progenitor. There was no associated supernova, it appears to be a low density environ-
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ment and had a low luminosity. The host galaxy is a spiral galaxy with active star formation, but GRB

080905A occurred close to a spiral arm, dominated by a relatively old population, and on the opposite

side of the galaxy from the spiral arm with most active star formation. Additionally, it was offset from

the centre of the host galaxy by a projected radial distance of 18.5 kpc. Therefore, these observations

have shown that GRB 080905A is unambiguously a short population GRB, whose properties suggest

that the progenitor is likely to be a compact binary merger.

3.5 Conclusions

This Chapter has presented spatially resolved spectroscopy of the host galaxy of the short hard GRB

080905A, with a T90 of 1 s. The prompt emission had an isotropic total energy of∼ 5×1049 erg in the

energy band 15-150 keV. The X-ray and optical afterglows were observed, and the optical afterglow

had a magnitude of R∼24 mag at 8.5 hours after the burst fading to R>25 mag at 32 hours.

The host is an almost face on spiral galaxy (inclination∼23◦) with a central bulge and at least 2 spiral

arms, and is loosely classified as a Sb/c galaxy. The probability that GRB 080905A was chance aligned

with this galaxy is< 1%. The observed redshift of this galaxy isz = 0.1218 ± 0.0003, the lowest

definite redshift for a typical SGRB thought to originate from a compact binary merger. Using spatially

resolved spectroscopy, a disparity between the two spiral arms is identified, with the southern arm

showing a younger stellar population and more active star formation than the northern spiral arm. It

is not possible to be more specific as a relative flux callibration is used, not absolute fluxes, due to the

contamination from overlying stars and the entire host galaxy was not observed.

The optical afterglow is observed to be offset from the centre of the galaxy by a projected radial distance

of 18.5 kpc and occurs in the northern region. This offset andthe association with an older population

in the northern spiral arm, in addition to the prompt emission properties, shows that GRB 080905A

would fit in the Type I Gold sample GRB as defined by Zhang et al. (2009) with the progenitor being a

compact binary merger.

GRB 080905A had a clearly identifiable host galaxy despite being significantly offset, however the
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next Chapter studies GRB 090515 - a hostless SGRB which may share a common progenitor that is

kicked further out of its host galaxy prior to merger.
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Chapter 4
The unusual X-ray emission of the short

SwiftGRB 090515

4.1 Introduction

Here an analysis of GRB 090515 is presented, which is the bestcase for an early X-ray plateau in a

SGRB, showing evidence of ongoing energy injection and giving clues about the central engine and

progenitor.

GRB 090515 was one of the shortest GRBs observed bySwift, with among the lowest fluence, yet

for ∼200 s it had the brightest SGRB X-ray afterglow and did not appear to be fading until a sudden

steep decline at∼ 240 s. After the first orbit, it was not detected again. Explaining this unusual X-ray

behaviour is the subject of this Chapter and is published in Rowlinson et al. (2010b). The observations

of GRB 090515 are described in Section 4.2, compared to otherGRBs in Section 4.3 and the potential

origin of the unusual X-ray emission is discussed in Section4.4.

98



Chapter 4. GRB 090515 4.2. Observations

4.2 Observations

4.2.1 Swift Observations

All analysis has been performed by using standard routines in HEASOFT1, XSPEC(Dorman & Arnaud,

2001),QDP2 and the automatic X-ray Telescope (XRT; Burrows et al., 2005a) data products produced

by the UK Swift Science Data Centre (Evans et al., 2007, 2009).

Swift triggered on GRB 090515 at 04:45:09 UT on 15th May 2009 with BAT position RA = 10 56

41 and Dec = +14 27 22 (Beardmore et al., 2009). The Ultra-Violet and Optical Telescope (UVOT)

enhanced refined XRT position was RA = 10 56 36.11 and Dec = +14 26 30.3 with an uncertainty of

2.7 arcsec (Osborne et al., 2009).

TheT90 duration of GRB 090515 was0.036 ± 0.016 s (Barthelmy et al., 2009a). The spectrum of

the prompt gamma-ray emission can be fit by a single power law,of photon indexΓγ = 1.6 ± 0.2

(Barthelmy et al., 2009a). The fluence is2.0 ± 0.8 × 10−8 erg cm−2 and the peak photon flux is

5.7± 0.9 ph cm−2 s−1. All values are in the 15 – 150 keV energy band. The BAT light curve is shown

in Figure 4.1 as the grey data points and also shown in the inset with linear time. The BAT count rates

were converted to flux in the energy band 0.3 – 10 keV using the average spectral index for the BAT

and the XRT spectra. There is no evidence of extended emission detected in the BAT energy range

(Norris, Gehrels, & Scargle, 2010).

A spectral lag analysis for GRB 090515 was completed using the cross correlation function method

described in Ukwatta et al. (2010) and Section 3.2.1, the 8 mstime binned lightcurve and BAT channels

1, 2 and 3. Not enough emission was detected in channel 4 to make a lag measurement. The lag times

are (with 1σ errors): lag(Ch2-Ch1)= 6± 4 ms, lag(Ch3-Ch2)= 3 ± 2 ms and lag(Ch2-Ch1)= 10± 4

ms. Typically SGRBs have negligble lag times (Norris & Bonnell, 2006; Yi et al., 2006) and LGRBs

have typical lag times ranging from 20 ms to∼1000 ms (Ukwatta et al., 2010), so it is interesting that

GRB 090515 appears to have a small lag time.

1http://heasarc.gsfc.nasa.gov/lheasoft/
2http://wwwastro.msfc.nasa.gov/qdp/
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Figure 4.1: The combined light curve for GRB 090515, in grey are the BAT data and black are the

XRT data. The BAT-XRT lightcurve was made using the method described in Section 3.2.2. In the

lower box there is the hardness ratio for the BAT data ((50 – 100) keV/(25 – 50) keV) in grey and the

hardness ratio for the XRT data ((1.5 – 10) keV/(0.3 – 1.5) keV) in black. Inset is the BAT count rate

per detector light curve with linear time.
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The X-ray spectrum in the 0.3 – 10 keV energy band is best fit by an absorbed power law withΓX =

1.88 ± 0.14 andNH = 6.1+3.0
−2.8 × 1020 cm−2, in excess of the GalacticNH = 1.9 × 1020 cm−2

(Beardmore & Evans, 2009). The X-ray light curve is best fit bya broken power law with 2 breaks

giving a reducedχ2
ν of 0.86. The initial decay is relatively flat (α1 = 0.29+0.08

−0.27) with a break at

T1 = 156.2+9.3
−26.2 s followed by a steeper decay ofα2 = 2.51+0.38

−0.70. At T2 = 240.8+7.4
−9.8 s it breaks to an

extremely steep decay ofα3 > 9. Although, the X-ray light curve can be fitted using a broken power

law, it is noted that the decay appears to be a smooth curve. The X-ray light curve is shown in Figure

4.1 as the black data points and the lower panel shows the hardness ratio for the gamma-ray emission

(in grey), i.e. the ratio of the 50 – 100 keV emission to the 25 –50 keV emission, and the hardness ratio

of the X-ray emission (in black, (1.5 – 10) keV/(0.3 – 1.5) keV). The hardness ratio is fairly constant

during the plateau, with the exception of a point at∼120 s that could be a flare and does correspond

to a small peak in the X-ray light curve, but this may just be noise. There are insufficient counts to

characterise the hardness ratio during the decay.

4.2.2 Early Optical Observations

The field of GRB 090515 was observed at early times by several optical telescopes but none detected

an optical afterglow. The upper limits of the R band and whitefilter observations are given in Table

4.1. During the plateau phase, the optical flux density can bepredicted, assuming that the X-ray and

optical emission are from the same emitting region. If thereis not a cooling break in the spectrum (i.e.

ΓX = ΓOX) then the optical flux is expected to be1.7 × 10−26 erg cm−2 s−1 Hz−1, corresponding to

an apparent magnitude ofR = 15.6 mag. This is brighter than all of the optical upper limits during the

plateau, so the optical afterglow should have been observed. However, if there were a cooling break

in the spectrum between optical and X-ray thenΓOX = ΓX − 0.5 and, in this case, the optical flux

density would be8.7× 10−29 erg cm−2 s−1 keV−1 Hz−1, corresponding to an apparent magnitude of

R = 21.3 mag. This is slightly deeper than the optical upper limit provided by UVOT. Therefore, if

the optical emission was from the same emitting region as theX-ray and there is a cooling break in the

spectrum, there is a slim chance that the optical flux was below the observed limits so the non-detection

is consistent with the X-ray data.
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Table 4.1: The optical observations of the field of GRB 090515.

Telescope Mid point time after trigger Exposure Time Band Upper Limit Flux Upper Limit

(s) (magnitude) (erg cm−2 s−1 Hz−1)

KAIT 20 540 R 19.1(1) 6.6 × 10−28

Super LOTIS 43 10 R 17.7(2) 2.4 × 10−27

ROTSE III 86 67 R 18.4(3) 1.3 × 10−27

UVOT 142 146 White 20.35(4) 2.1 × 10−28

UVOT 1228 488 White 21.24(4) 9.2 × 10−29

KAIT 2078 540 R 20.5(1) 1.8 × 10−28

Lick 2286 60 R 21.3(5) 8.7 × 10−29

ROVOR 5496 4200 R 21.4(6) 7.9 × 10−29

(1) Li et al. (2009),(2) Williams et al. (2009),(3) Rujopakarn et al. (2009),(4) Seigel & Beardmore (2009),(5) Perley, Kislak & Ganeshalingam

(2009b),(6) Pace et al. (2009).
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4.2.3 Gemini Observations

Optical observations of GRB 090515 were obtained using Gemini North and GMOS beginning at

06:26 UT, approximately 1.7 hours after the burst, with a second epoch observation being taken on the

subsequent night, and a final comparison epoch on 28 November2009. The images were obtained in

ther-band, and were reduced via the standardIRAF Gemini tasks (Tody, 1993). The image conditions

for the first epoch were excellent, with seeing of 0.5 arcsec,resulting in extremely deep imaging in the

total exposure time of 1800 s. A full log of observations is shown in Table 4.2.

Within the refined XRT error circle, a single source is located at RA = 10 56 35.89 and Dec = +14

26 30.0, with a magnitude ofr = 26.36 ± 0.12 mag, calibrated against existing SDSS observations

of the field, shown in Figure 4.2. This source is still visible, but at lower significance in the shallower

images obtained on 16 May (r = 26.54 ± 0.33 mag). In the final epoch there is no source visible

at the afterglow location, to a limiting magnitude ofr > 27.4 mag confirming a fading counterpart.

Therefore it is concluded that this is the optical afterglowof GRB 090515. Atr = 26.36 mag, this is

the faintest GRB afterglow ever discovered at similar timesafter the burst, and confirms the necessity

of rapid and deep observations with 8-metre class observatories. As the observed X-ray absorption is

relatively low (NH ∼ 6 × 1020 cm−2), the faint optical afterglow is unlikely to be a consequence of

extinction (unless it is at high redshift). The optical afterglow has a relatively flat lightcurve, with a

decay slope of0.06+0.32
−0.19.

Comparing this afterglow to the sample in Nysewander, Fruchter, & Pe’er (2009), it is noted that this

is the first SGRB with a fluence below10−7 erg cm−2 with a detected optical afterglow. Additionally,

the afterglow at 1.7 hours is fainter than all the observed optical afterglows at 11 hours. GRB 080503

also had an initially very faint optical afterglow, but it then rebrightened to a peak ofr ∼ 25.5 mag at

1 day and no host galaxy was identified (Perley et al., 2009a).

Assuming there is not a cooling break in the spectrum, i.e.ΓX = ΓOX , the X-ray flux, 0.3 - 10 keV, at

the time of the optical observations can be predicted to be6.6×10−15 erg cm−2 s−1. This is consistent

with the observed upper limit.
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Table 4.2: Log of Gemini observations.

Epoch Date start Start time after trigger Exposure time Filter Seeing Airmass Magnitude Flux

(UT) (s) (s) (arcsec) (mag) (erg cm−2 s−1 Hz−1)

1 May 15 06:27 UT ∼ 6100 1800 r 0.5 1.021 26.36± 0.12 8.2× 10−31

2 May 16 05:44 UT ∼ 9×104 1800 r 1 1.005 26.54± 0.33 6.95 × 10−31

3 November 28 14:20 UT ∼ 1.6×107 2800 r 0.8 1.226 > 27.4 < 4.55 × 10−31
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Figure 4.2: The circle marks the location of the XRT enhancedposition of GRB 090515 on the Gemini

r-band observations from epoch 1 (15th May 2009) on the left and epoch 3 (28th November 2009) on

the right. An optical afterglow candidate is observed within the error circle. Labeled are the brightest

nearby galaxies.

Labeled in Figure 4.2 are the five brightest nearby galaxies and Table 4.3 provides their magnitudes and

offsets from the GRB location. These galaxies are candidates for the host galaxy of GRB 090515, with

significant offsets, or the burst could be associated with a significantly fainter underlying host galaxy.

Berger (2010) studied the chance alignments of several galaxies in the field of GRB 090515 and con-

cluded that galaxy 1, atz ∼ 0.4 has the lowest probability of chance alignment (0.1) and hence is most

likely to be associated with GRB 090515. However, galaxy 5 also has a comparable probability of

chance alignment (0.2). Tunnicliffe et al. (private communication) show for hostless GRBs, like GRB

090515, these galaxies are likely to be field galaxies and hence the galaxy with the lowest probability

of chance alignment is not necesarily the host galaxy. Therefore, this Chapter assumes that the host

galaxy and redshift of GRB 090515 is unknown.
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Table 4.3: Photometry of the nearby galaxies, as labeled in Figure 4.2, calibrated using SDSS observa-

tions.

Galaxy Magnitude Offset (arcsec)

1 20.2± 0.1 14

2 21.3± 0.1 16

3 22.5± 0.1 15

4 22.6± 0.1 13

5 23.4± 0.1 6

4.3 Comparison to other GRBs

The XRT light curve of the low fluence GRB 090515 is unusual as it goes from being the brightest

SGRB in X-rays to one of the faintest within seconds. The fluence in X-rays during the plateau is

significantly higher than the fluence in gamma-rays. Additionally, the final decay is the steepest decay

observed to date (Evans et al., 2009). The X-ray spectral index of GRB 090515 is not unusual compared

to other SGRBs. In Table 4.4, a summary is provided of the properties of the long and short GRBs to

which GRB 090515 is compared in detail.

In Figure 4.3, the 15 – 150 keV fluence and 0.3 – 10 keV flux at t0 + 100 s is shown for all the SGRBs

in the Swift sample withT90 ≤ 2s and which were observed by XRT at this time. GRB 090515

is shown with a filled circle. As expected, the higher fluence GRBs tend to have higher flux X-ray

afterglows. GRB 090515 is an exception to this alongside GRB070724A; both of these bursts have

an unusually high initial X-ray flux for their fluence. In Figure 4.4(a), the combined BAT-XRT light

curves of GRB 090515 and GRB 070724A are compared. The initial XRT flux of 070724A appears

to be consistent with flares (as there is a varying hardness ratio) and an underlying broken power law

decay. There is no obvious plateau phase for GRB 070724A, butthis may have occurred prior to the

XRT observations. The steep decay phase of GRB 070724A, withα = 3.44+0.60
−0.35 is much shallower

than the steep decay of GRB 090515. Additionally, the optical afterglow of GRB 070724A had a

magnitude ofi = 23.79±0.07 mag at 2.3 hours after the burst, corresponding to a flux of6.86×10−30
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Table 4.4: The GRBs considered in detail in this Chapter.

GRB T90 Γ (15 – 150 keV) Fluence (15 – 150 keV)

(s) (10−8 erg cm−2)

090515 0.036±0.016 1.6±0.2 2.0± 0.8 (1),(2)

090607 2.3±0.1 1.25±0.30 11±2 (3)

080520A 2.8±0.7 2.90±0.51 5.5±1.4 (4)

080503 170±20 2.00±0.13 200±10 (5)

070724A 0.4±0.04 1.81±0.33 3.0±0.7 (6)

070616 402±10 1.61±0.04 1920±30 (7)

070209 0.10±0.02 1.55±0.39 1.1±0.3 (8)

060717 3.0±1 1.72±0.38 6.5±1.6 (9)

051221B 61±1 1.48±0.18 113±13 (10)

051105 0.028±0.004 1.33±0.35 2.0±0.46(11)

050813 0.6±0.1 1.19±0.33 4.4±1.1 (12)

050509B 0.048±0.022 1.5±0.4 0.78±0.22(13)

050421 10.3±2 1.7±0.4 8.8±2.9 (14)

(1) Barthelmy et al. (2009a)(2) Sakamoto & Beardmore (2009)(3) Barthelmy et al. (2009b)(4)

Sakamoto et al. (2008c)(5) Ukwatta et al. (2008)(6) Parsons et al. (2007)(7) Sato et al. (2007c)(8)

Sakamoto et al. (2007)(9) Markwardt et al. (2006a)(10) Fenimore et al. (2005)(11) Barbier et al.

(2005a)(12) Sato et al. (2005)(13) Barthelmy et al. (2005c)(14) Sakamoto et al. (2005)
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Chapter 4. GRB 090515 4.3. Comparison to other GRBs

Figure 4.3: The fluence in the energy band 0.3 – 10 keV versus the 15 – 150 keV flux for all Swift

SGRBs which were observed at 100s after the trigger time. Thefilled red circle marks the location of

GRB 090515.

erg cm−2 s−1 Hz−1, with an associated host galaxy (Berger et al., 2009; Kocevski et al., 2010). This

flux is almost an order of magnitude larger than the optical afterglow of GRB 090515 at 1.7 hours

and GRB 090515 does not have an identified host galaxy. However, GRB 070724A does share many

similarities with GRB 090515 so the possibility that they originate from a similar progenitor cannot be

ruled out.

Figure 4.5(a) shows the lightcurves for the observed R band optical afterglows associated with SGRBs

(published values converted from magnitudes into flux density in Jy, using the method described in

Section 3.3.1), GRB 090515 is the faintest observed and one of the earliest detections after the trigger

time. In Figure 4.5(b) the optical fluxes are divided by the XRT flux at 1000 s after the trigger time.

When the XRT flux at 1000 s is considered, the optical afterglow of GRB 090515 is not unusually

108



Chapter 4. GRB 090515 4.3. Comparison to other GRBs

Figure 4.4: The BAT-XRT light curve and hardness ratios for GRB 090515 in blue in comparison to

other GRBs. (a) GRB 070724A in red. (b) GRB 050813 in red and GRB 050509B in purple. (c) GRB

060717A in red and GRB 080520A in purple. (d) GRB 090607 in red. (e) GRB 050421 in red and

GRB 080503 in purple. (f) GRB 070616 in red. In the lower boxesfor each graph, there is the hardness

ratio for the BAT data ((50 – 100) keV/(25 – 50) keV), with a star, and the hardness ratio for the XRT

data ((1.5 – 10) keV/(0.3 – 1.5) keV).
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Chapter 4. GRB 090515 4.3. Comparison to other GRBs

Figure 4.5: (a) The optical flux light curves for all observedSGRB afterglows in the R band. (b)

Normalised using the XRT flux at 1000 s. Colour scheme: GRB 090515 - purple star, GRB 091109B

- small green X (Levan et al., 2009; Malesani et al., 2009), GRB 090426 - dark blue open square

(Antonelli et al., 2009; Xin et al., 2011), GRB 090305 - lightblue open diamond (Cenko et al., 2009;

Berger & Kelson, 2009), GRB 080905A - small red open circle (Rowlinson et al., 2010a), GRB 071227

- green filled triangle (Berger, Morrell, & Roth, 2007), GRB 070809 - large black X (Perley, Thoene,

& Bloom, 2007; Perley et al., 2008), GRB 061201 - large pink open circle (Stratta et al., 2007), GRB

060121 - dark grey filled circle (Levan et al., 2006a), GRB 051221A - orange open cross (Soderberg et

al., 2006), GRB 050709 - light grey filled square (Hjorth et al., 2005a). (c) The optical flux light curve

for GRB 090515 (purple stars) with GRB 080503 (red).
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faint compared to other SGRBs. The optical light curve for GRB 080503 (a short burst with extended

emission Perley et al., 2009a) is shown in Figure 4.5(c) in comparison to GRB 090515.

4.3.1 GRBs with similar fluence to GRB 090515

As the fluence of GRB 090515 in the 15 – 150 keV energy band was one of the lowest observed for

SGRBs, here it is compared to other low fluence GRBs.

GRB 050509B and GRB 050813 were short GRBs detected by theSwift satellite that were similar to

GRB 090515 during the prompt emission phase. However, the combined BAT and XRT light curves for

GRBs 050509B and 050813, shown in Figure 4.4(b), do not show the same X-ray plateau extending

to ∼200 s after the burst. GRBs 050509B and 050813 have both been used to place constraints on

the compact binary merger model of SGRBs (Gehrels et al., 2005; Hjorth et al., 2005b; Bloom et al.,

2006; Ferrero et al., 2007). The observed upper limits for GRB 090515 at late times (after 400 s) are

consistent with the later emission observed for GRBs 050509B and 050813. This suggests that the

plateau and steep decay are an additional component in the light curve of GRB 090515.

GRB 051105 is a SGRB with an identical fluence to GRB 090515, but its afterglow was undetectable

by XRT in observations starting 68 s after the burst (Mineo etal., 2005a). GRB 070209 had the lowest

SGRB fluence and was also undetectable by XRT in observationsstarting 78 s after the burst (Sato et

al., 2007b).

In Figure 4.4(c), the X-ray light curve of GRB 090515 is compared to the two lowest fluence LGRBs in

theSwiftsample which were detected by XRT. These are GRB 080520A and GRB 060717A, they both

have significantly higher fluence in the 15 – 150 keV band than GRB 090515 (due to having longer

durations), but are a lot fainter in X-rays, again suggesting additional X-ray emission in GRB 090515.

It is possible that these GRBs had plateau phases which end prior to the XRT observations. However,

asSwiftslewed promptly to these GRBs (observations typically starting within 100 s), a plateau phase

would need to be significantly shorter than that observed forGRB 090515. The main exceptions to this

are GRBs 060717A and 080520, which had XRT observations begining when GRB 090515 was in the
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steep decay phase.

4.3.2 GRBs with steep decays

The GRB with an X-ray light curve most similar to GRB 090515 isGRB 090607, which has aT90

just above the short-long boundary. They are compared in Figure 4.4(d). Both light curves show a

distinctive steep decay at∼200 s. However, the emission of GRB 090607 between 80 and 100 sis

not a plateau as observed in GRB 090515 and, given the hard spectrum which softens as the emission

decays (shown in the lower panel of Figure 4.4(d)), is more likely due to a flare at the start of the XRT

observations.

4.4 Discussion

The steep decay in the unusual X-ray light curve of GRB 090515cannot be explained using the external

shock afterglow models. Instead, this Section considers ifthis GRB was a naked burst with faint,

rapidly fading emission, or if the X-ray plateau is powered by an unstable millisecond pulsar.

4.4.1 An under-luminous naked LGRB

If a GRB occurs in a very low density ISM then the afterglow from external shocks between the jet

and the ISM could be too faint for detection bySwift. Instead, there would just be the prompt emission

followed by a rapid decline due to the “curvature effect” (Kumar & Panaitescu, 2000). This predicts a

decay in flux described by:

fν ∝ ν−βt−2−β (4.1)

whereβ is the observed spectral energy index at frequencyν (β = Γ − 1), and t is the time since the

trigger. A decay ofα = 2 + β = Γ + 1 should be observed. GRB 090515 is compared here with a

good candidate for a naked burst, GRB 050421 (Godet et al., 2006).
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GRB 050421 was a weak long GRB detected by BAT following a steep decay, as shown in Figure

4.4(e), although the decay is not as steep as for GRB 090515. There is evidence of spectral evolution,

as the emission is getting softer (the lower panel of Figure 4.4(e)); however, the spectral evolution is

during the steep decay and not the plateau region. The initial hardness ratio for (1.5 – 10) keV/(0.3 –

1.5) keV is 6 times larger for GRB 050421 than GRB 090515. Godet et al. (2006) explained the steep

decay (α = 3.1 ± 0.1) of GRB 050421 by assuming it was a “naked burst”, i.e. there was no forward

shock component of the afterglow as the interstellar medium(ISM) was not dense enough for the shock

wave to produce a typical afterglow. The detected decaying emission is consistent with the “curvature

effect”. GRB 080503, shown in Figure 4.4(e), has also been explained as a short “naked burst” with

extended emission detected in the BAT (although not a plateau), the X-ray decay is consistent with

the “curvature effect” (α ∼ 2–4; Perley et al., 2009a). However, the steep decay for bothof these are

significantly shallower than the decay of GRB 090515, which wasα3 >9 (with t0 at the start of the

prompt emission).

GRB 090515 shares some similarities with GRB 050421 and GRB 080503 (Godet et al., 2006; Perley,

Kislak & Ganeshalingam, 2009b). Zhang et al. (2009) suggested that the burst duration, observed by

BAT, represents the duration that the jet is relativistic and, with a non-relativistic (or less relativistic)

jet, the central engine can be active for longer than this time and may be observed by XRT. Therefore,

the X-ray plateau observed for GRB 090515 could be a continuation of the prompt emission, which

has fallen below the threshold of BAT. So with a more sensitive detector, GRB 090515 may have been

identified as a LGRB. If true, the steep decay is expected to match the “curvature effect” like GRB

050421. During the plateau, the spectral indexΓx is 1.88 ± 0.14 predicting a steep decay slope of

α = 2.88 ± 0.14. As the observed decay is significantly steeper than this, itdoes not fit the “curvature

effect” theory. Using the method described by Liang et al. (2006), the t0 was shifted to the possible

flare at the end of the plateau in GRB 090515. The steep decay becomes less extreme,α = 3.7 ± 0.6,

but still marginally steeper than the predicted decay slope. This method relies on correctly identifying

the time at which the central engine is last active and with a plateau in the light curve this point is

difficult to identify. The steep decay of GRB 090515 following the plateau may be consistent with the

“curvature effect” if a later location of t0 is identified. Alternatively, this could be associated witha

narrow opening angle for the jet which creates the plateau, as in that case outside of 1/Γ there would
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be very little high latitude emission, giving a much steeperdecay slope. It is also possible that the

spectrum softens immediately prior to the steep decay, however there are not enough observed counts

to produce a reliable X-ray spectrum at this time.

GRB 090515 can potentially be explained as an under-luminous naked long GRB, however this is

reliant on the assumption that the plateau is powered by prolonged activity in the central engine.

4.4.2 An unstable millisecond pulsar (magnetar) central engine

The bright X-ray plateau in the light curve of GRB 090515 could be associated with the formation,

emission and collapse of a millisecond pulsar. There have been predictions that in some GRBs an un-

stable millisecond pulsar may be formed (Usov, 1992; Duncan& Thompson, 1992; Dai & Lu, 1998a,b;

Zhang & Mészáros, 2001). At formation, there is enough rotational energy to prevent gravitational col-

lapse. This energy can be released as electromagnetic radiation or gravitational waves, causing the

pulsar to spin down until it reaches a critical point at whichit is no longer able to support itself. At

this point the pulsar collapses to a black hole and the emission stops. This would be evident in the

X-ray light curve as a plateau caused by energy injection from the millisecond pulsar followed by an

extremely steep decay when the pulsar collapses. Millisecond pulsars formed during the core collapse

of a massive progenitor star might be expected to be associated with long GRBs and this has been sug-

gested by Troja et al. (2007) and Lyons et al. (2010). GRB 090515 was an extremely short GRB, but

a millisecond pulsar could be formed by two merging neutron stars (a potential progenitor of SGRBs),

depending on various assumptions about the neutron stars’ equations of state (Dai & Lu, 1998a; Dai et

al., 2006; Yu & Huang, 2007).

Troja et al. (2007) and Lyons et al. (2010) studied LGRBs witha plateau and a steep decay and GRB

090515 shows similarities to them. In Figure 4.4(f), the light curve of GRB 090515 is compared to that

of GRB 070616 (Starling et al., 2008), one of the sample chosen by Lyons et al. (2010) as potentially

showing evidence of an unstable millisecond pulsar. When comparing the light curves, GRB 070616

appears to be a brighter and longer version of GRB 090515 but with a bright afterglow component at

later times.

114



Chapter 4. GRB 090515 4.4. Discussion

The following equations from Zhang & Mészáros (2001) (equations 4.2 and 4.3) were used to determine

if GRB 090515 could be a millisecond pulsar, usingTem,3, the rest frame duration of the plateau in units

of 103 s, andLem,49, the luminosity of the plateau in units of1049 erg s−1, in the rest frame energy

band 1 – 1000keV. The equations are rearranged to give equations 4.4 and 4.5, these are used to predict

the magnetic field strength and the spin period of a pulsar formed by this method.

Tem,3 = 2.05 (I45B
−2
p,15P

2
0,−3R

−6
6 ) (4.2)

Lem,49 ∼ (B2
p,15P

−4
0,−3R

6
6) (4.3)

B2
p,15 = 4.2025I245R

−6
6 L−1

em,49T
−2
em,3 (4.4)

P 2
0,−3 = 2.05I45L

−1
em,49T

−1
em,3 (4.5)

whereI45 is the moment of inertia in units of1045g cm2, Bp,15 is the magnetic field strength at the

poles in units of1015G, R6 is the radius of the neutron star in106cm andP0,−3 is the initial period of

the compact object in milliseconds. These equations apply to the electromagnetic dominated spin down

regime, as the gravitational wave dominated regime would beextremely rapid and produce a negligble

effect in this analysis. The standard values for a neutron star could be assumed, as in Lyons et al.

(2010), so thatI45 ∼ 1 andR6 ∼ 1 which may be appropriate for a collapsar. However, as an unstable

millisecond pulsar would be formed by merging two neutron stars the true values may be different,

depending on the mass and equation of state. For a millisecond pulsar formed by a binary merger, the

mass of the neutron star is taken to be MNS =2.1 M⊙ (Nice et al., 2005) and estimateI45 ∼ 1.5.

Although GRB 090515 has many properties similar to other SGRBs suggesting the progenitor is most

likely a compact binary merger, there have been predictionsthat collapsars may also produce a SGRB

(for example from an orphan precursor jet; Janiuk, Moderski, & Proga, 2008) and evidence that a

significant fraction of SGRBs are related to collapsars rather than compact binary mergers (Virgili et

al., 2011; Cui et al., 2010). So in the following analysis both progenitor models are compared by using

different neutron star masses.

As a redshift was not obtained for this GRB, a range of redshifts were used fromz = 0.2 up to an upper

limit of z = 5.0 consistent with the detection of the optical afterglow. Emitters at high redshift have a

characteristic break in their spectra caused by absorptionfrom intergalactic neutral hydrogen between

115



Chapter 4. GRB 090515 4.4. Discussion

Figure 4.6: (a) The blue line shows the magnetic field and period for a millisecond pulsar formed

during GRB 090515 as a function of redshift assuming a neutron star mass of 1.4 M⊙ and the purple

dotted line assumes a neutron star mass of 2.1 M⊙. The green stars are the 18 degree beamed LGRB

sample from Lyons et al. (2010). The red line shows the limit at which the progenitor would violate

the breakup spin period of a pulsar for a mass of 1.4 M⊙ and the dashed red line is for a mass of

2.1 M⊙. The other regions are as defined in Lyons et al. (2010); dark grey shading corresponds to

forbidden regions (assuming a mass of 1.4 M⊙) and light grey are limits based on the previous studies

(as discussed in the text). The dotted lines represent contours of equal redshift decreasing from left

to right. (b) The upper magnetic field limit in (a) has been replaced by the red curved line giving the

forbidden region assuming causality shaded in dark grey (assuming a mass of 1.4 M⊙). This region

will change depending on the mass of the neutron star, the rest frame duration and luminosity of the

plateau. The red dashed curved line represents the forbidden region for a binary merger progenitor. (c)

The different contours represent the effect of increasing the radius of the neutron star from 10 km to 30

km assuming a constant mass of 1.4 M⊙. Additionally, a limit is imposed on redshift due to detection

of the afterglow in the R-band. 116
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the observer and the source. This break is known as the Lyman break and can allow the determination

of photometric redshifts, e.g. GRB 090423 at z = 8.2 had a Lyman break between the Y and J band

filters, resulting in a non-detection in the Y band observations (Tanvir et al., 2009). To have a detection

in the R band, the Lyman break must be at a bluer wavelength than the R-band filter and an upper limit

on the redshift can be obtained by assuming the Lyman break occurs immediately after the R-band,

giving z≤5. The millisecond pulsar was assumed to be formed att ∼ 0 and, hence, the observed frame

duration of the plateau in the observer frame is 240 s (the restframe duration is then calculated for

given redshifts). The luminosity of the plateau was calculated using the observed 0.3 – 10 keV flux

of ∼ 1 × 10−9 erg cm−2 s−1, the spectral index during the plateau (1.88) and a k-correction (Bloom,

Frail, & Sari, 2001). These values were then substituted into the equations (4.4) and (4.5) to calculate

Bp,15 andP0,−3. These are plotted as a blue contour in Figure 4.6(a) assuming it was formed from a

collapsar and a purple contour if formed by a binary neutron star merger.

Also shown in Figure 4.6(a), are the regions in which a millisecond pulsar would be expected, as

defined in Lyons et al. (2010): the red line represents the breakup spin-period for a neutron star of mass

1.4 M⊙ (≥0.96ms, Lattimer & Prakash, 2004). Using equation 4.6 (Lattimer & Prakash, 2004), this

limit is calculated for the binary merger scenario with a mass of 2.1 M⊙ to be P≥0.66 ms (where P is

the minimum spin period of the neutron star in ms) and this is shown with a red dashed line.

P0,−3 ≥ 0.81M
−1/2
1.4 R

3/2
6 ms (4.6)

The initial rotation period needs to be≤10 ms (Usov, 1992), the upper limit for the magnetic field is

≤1017 G (implied from observations of the giant flare from SGR 1806-20; Stella et al., 2005) and the

lower limit for the magnetic field is≥1015 G (Thompson, 2007). This shows that GRB 090515 could

have formed a millisecond pulsar if it had a redshift of0.3 < z < 1.8 for a collapsar progenitor or a

redshift of0.3 < z < 3.0 for a binary merger progenitor. These are both very reasonable redshift ranges

when compared to the sample of GRBs. The magnetic field for a given spin period is slightly lower

for a binary merger progenitor than for a collapsar progenitor. Alongside the prediction by Troja et al.

(2007) and Lyons et al. (2010) of a plateau followed by a steepdecay for the lightcurve of a millisecond

pulsar collapsing to a black hole, which matches the observed light curve for GRB 090515, this analysis

provides a consistent case for GRB 090515 forming a millisecond pulsar irrespective of the two initial
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progenitor models considered.

Using a causality argument, i.e. that the speed of sound on the neutron star cannot exceed the speed

of light, a tighter constraint can be placed on the minimum possible radius,R6 andM1.4, whereM1.4

is the mass of the neutron star in 1.4 M⊙, using equation 4.7 (Lattimer et al., 1990). The moment of

inertia, given in equation 4.8, is based on the assumption that the neutron star can be modelled as an

uniform sphere.

R6 > 0.6225M1.4 (4.7)

I45 ∼ M1.4R
2
6 (4.8)

This constraint on radius and moment of inertia for a given mass can be substituted into equations 4.4

and 4.5 to define a forbidden region for a given neutron star mass, plateau duration and luminosity. The

forbidden region is described by equations 4.9 and 4.10 and is shown in Figure 4.6(b) for GRB 090515

assuming a mass of 1.4 M⊙, for a collapsar progenitor (red curved line), and 2.1M⊙, for a binary

merger progenitor (red curved dashed line).

B2
p,15 > 10.8T−2

em,3L
−1
em,49 (4.9)

P 2
0,−3 < 0.794M3

1.4T
−1
em,3L

−1
em,49 (4.10)

It has been suggested that the radii of proto neutron stars may be as large as a few tens of kilometers (Ott

et al., 2006), so in Figure 4.6(c) the effect of increasing the radius, from 10 km to 30 km, is shown for

a mass of 1.4 M⊙, using the plateau luminosities and durations previously calculated for GRB 090515

assuming it is at a range of redshifts. For larger radii, the unstable millisecond pulsar has to be at higher

redshifts, have a smaller magnetic field and larger period. As there is an R-band detection of the optical

afterglow, the upper-limit z≤5 is placed on the redshift .
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In Figure 4.7, the effect of the different beaming angles considered by Lyons et al. (2010) assuming a

mass of 1.4 M⊙ is investigated. As the causality forbidden region shown inFigure 4.6(b and c) also

depends on beaming angle the regions defined by Lyons et al. (2010) are used for clarity. Up to this

point, only isotropic emission has been considered and thisshows beaming the emission would greatly

affect the results obtained. Simulations have shown that a relativistic jet can be produced by a magnetar

(Bucciantini et al., 2009). If the emission was beamed by 4 degrees the observations would support the

magnetar model if atz > 3. With a beaming angle of 18 degrees, GRB 090515 would need a redshift of

1 < z < 5 in order to satisfy the model and the constraints obtained byobserving an optical afterglow.

The more tightly the emission is beamed, the higher the redshift that the burst would need to be at in

order to fit the magnetar model and this may explain why a host galaxy has not been identified.

4.5 Conclusions

GRB 090515 is a very unusual SGRB, it is the first SGRB with a fluence below10−7 erg cm−2 with

an observed optical afterglow at 1.75 hours (R=26.4±0.1 mag), and this is the faintest detected optical

afterglow for a GRB at that time. Its low gamma-ray fluence would lead to the expectation of a sig-

nificantly fainter X-ray light curve than observed at early times. Most importantly, the X-ray plateau

followed by an extremely steep decay is very unusual, but maynot be unique in theSwiftsample. With

a more sensitive detector, the plateau observed by XRT may have instead been identified as part of

the prompt emission and GRB 090515 might instead have been classified as a LGRB. Therefore, it

poses interesting questions about the progenitor model andfor the classification of other GRBs. In

this Chapter, two popular progenitor models for GRBs were considered, collapsars and compact binary

mergers.

This Chapter suggests that the simplest explanation for theunusual light curve of GRB 090515 is that it

shows prolonged emission from an unstable millisecond pulsar, followed by an extremely steep decay

when the millisecond pulsar collapses. Given the short duration of the GRB and the other properties,

the binary merger progenitor is favoured but cannot rule outa collapsar progenitor. For a collapsar

progenitor, the proposed unstable millisecond pulsar witha spin period of 10 ms would have a magnetic
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Figure 4.7: We show here the effect of beaming the emission ofGRB 090515 assuming a mass of 1.4

M⊙. Solid lines show isotropic solution and the solutions for the two beaming angles considered in

Lyons et al. (2010). The dotted lines represent contours of equal redshift decreasing from left to right.

The forbidden regions are as defined for Figure 4.6(a).

field of∼ 3× 1016 G at z∼ 0.3 and with a spin period of 1 ms the magnetic field would be∼ 5× 1015

G at z∼ 1.8. The binary merger progenitor model gives a spin period of 10 ms and a magnetic field of

∼ 4 × 1016 G at z∼ 0.3 to a spin period of 0.66 ms and a magnetic field of∼ 5 × 1015 G at z∼ 3.0.

These values assume isotropic emission and a radius of 10 km.

In the next Chapter, the wholeSwiftsample of SGRBs are investigated for evidence of ongoing energy

injection that may be similar to GRB 090515.
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Chapter 5
Evidence of energy injection in SGRB

lightcurves

5.1 Introduction

Observed features in X-ray lightcurves identify longevityof the central engine of GRBs, for example

late time flares (e.g. Margutti et al., 2010) and plateaus (e.g. Nousek et al., 2006; Zhang et al., 2006).

GRBs whose X-ray lightcurves have a steep decay and a plateauphase followed by a standard after-

glow phase, have been identified as “canonical” lightcurves(Nousek et al., 2006; O’Brien et al., 2006;

Zhang et al., 2006). The steep decay phase is associated withhigh latitude emission from the prompt

emission followed by a late emission plateau giving the plateau phase. The fluence of this plateau can

be comparable to the fluence of the prompt emission (O’Brien et al., 2006), and typically occur from

102 – 103 s till 103 – 104 s after the trigger time. The plateau is thought to provide evidence of ongoing

central engine activity (Nousek et al., 2006; Zhang et al., 2006). Therefore, identifying GRBs with

a “canonical” lightcurve can provide a sample with evidenceof ongoing energy injection. Evans et

al. (2009) studied 162 GRBs in theSwiftsample identifying a “canonical” lightcurve in 42% of GRB

X-ray lightcurves, including 2 SGRBs (051221A and 060313) out of 11 SGRBs analysed.
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Although studies of flares and plateaus are typically conducted for LGRBs, fainter versions are evident

in many SGRB X-ray lightcurves suggesting a long lived central engine. This is problematic for SGRB

progenitor theories as accretion is expected to end within afew seconds and only a small fraction of

the merger mass is available (0.01 – 0.1 M⊙ although this is dependant on the NS equation of state,

Lee & Ramirez-Ruiz, 2007). Additionally, it is thought thatthe accretion disk gets destroyed after a

few seconds (e.g. Metzger, Piro, & Quataert, 2008). There have been studies of fallback accretion,

i.e. that the NS is shredded and parts (≤ 10% of the original disk mass) are flung into highly eccentric

orbits which accrete onto the central engine at late times giving flares in the X-ray lightcurve (Rosswog,

2007). Cannizzo, Troja, & Gehrels (2011) have attempted to explain plateaus by introducing a band of

material at a large distance from the central engine.

An alternative theory is that during some GRBs a millisecondpulsar (magnetar) may be formed with

enough rotational energy to prevent gravitational collapse (Usov, 1992; Duncan & Thompson, 1992;

Dai & Lu, 1998a,b; Zhang & Mészáros, 2001). The progenitorof this system is typically thought to be

a collapsar and LGRB candidates have been identified by Trojaet al. (2007) and Lyons et al. (2010).

However, it has also been proposed that such a magnetar couldbe formed by the merger of NSs (Dai

& Lu, 1998a; Dai et al., 2006; Yu & Huang, 2007) or via the accretion induced collapse (AIC) of a

white dwarf (WD) (Nomoto & Kondo, 1991; Usov, 1992; Metzger,Quataert, & Thompson, 2008).

A candidate event for this is GRB 090515 with an unusual X-rayplateau followed by a steep decay

(discussed in detail in Chapter 4 and Rowlinson et al., 2010b). The likelihood of producing this event is

dependent on the equation of state of NSs. Morrison, Baumgarte, & Shapiro (2004) studied the effect

that the equation of state of a NS and rotation would have on the remnant of a compact merger, i.e.

whether a NS or a BH is formed (see also Shibata & Taniguchi, 2006). They showed that, even for the

harder nuclear equations of state, the rotation of the NS could increase the maximum mass by∼ 50%

and hence mergers could often result in a NS. Using 6 known Galactic NS binaries and a range of

equations of state, Morrison, Baumgarte, & Shapiro (2004) predict that the majority of mergers of the

known binaries will form a NS.

The recent discovery of an 1.97 M⊙ NS (Demorest et al., 2010) provides further supporting evidence

of the possibility that high mass magnetars can be formed from NS mergers.Özel et al. (2010) show

that, for a maximum non-rotating NS mass of Mmax = 2.1 M⊙, the merger of two NSs with a total
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mass≤ 1.4Mmax will have a delayed collapse to a BH (i.e. a magnetar phase). They also predict

a regime in which the merged remnant does not collapse to forma BH, in this case the total mass is

≤ 1.2Mmax. If the maximum NS mass is 2.1 M⊙, then the merger of two NSs of masses up to 1.3

M⊙ would result in a stable magnetar and the merger of two NSs with larger masses (up to 1.5-1.7

M⊙) would form an unstable magnetar. As the majority of observed NSs have masses∼1.4 M⊙, it

seems reasonable to predict that many NS mergers could result in a magnetar. The stability of the final

magnetar is dependent on the maximum possible mass of a NS. Its lifetime depends both on the rate

that additional mass (if any) is accreted after formation, as well as the rate at which angular momentum

is extracted by e.g. gravitational waves or magnetic torques (e.g. Shibata & Taniguchi, 2006; Oechslin,

Janka, & Marek, 2007).

In this Chapter, the entireSwiftsample of SGRBs (T90 ≤ 2 s) is used to identify those with a “canon-

ical” like lightcurve suggesting ongoing central engine activity. These results are discussed in Section

5.2. A sub-sample with sufficient data are then studied for the signature of a magnetar (with or with-

out collapse to a BH) which may signify the coalescence of twoNSs. If found, this would provide

additional support to this popular progenitor theory. The magnetar model is considered in section 5.3;

with a description of the model and sample used, analysis of the available data and a discussion of the

implications, e.g. for gravitational waves.

5.2 “Canonical” SGRB lightcurves

In this section, allSwiftdetected SGRBs,T90 ≤ 2 s, with an X-ray afterglow or which were promptly

slewed to and observed by the X-ray Telescope (XRT) are considered. This allows the inclusion of

SGRBs without an X-ray afterglow but do have a constraining upper limit. Out of this sample of 35

SGRBs, only 4 did not have a detected X-ray afterglow (GRBs 050906, 051105, 070209 and 070810B).

Hence, 89% ofSwift SGRBs have detectable X-ray afterglows. The X-ray lightcurves were obtained

from the automated analysis on the UKSwiftScience Data Centre website (Evans et al., 2007, 2009).

The Burst Alert Telescope (BAT) lightcurves were created using standard pipelines in the HEASOFT

package with 3σ significance bins. The BAT observations were then shifted to0.3 – 10 keV to make
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Table 5.1: The broken powerlaw fits for the SGRB sample and theX-ray spectral indices for each regime (Γx). These are subdivided into the

“canonical” like GRBs withα2 ≤ 0.5 and0.5 ≤ α2 ≤ 1, those with allα > 1 and those with just a simple shallow decay (α1 ≤ 1). Where values are

left blank there was insufficient data available to constrain them.

GRB α1 Γx,1 T1 α2 Γx,2 T2 α3 Γx,3

(s) (s)

“Canonical” like withα2 ≤ 0.5

051210 1.55+0.11
−0.08 1.21+0.25

−0.17 2.7+0.9
−1.8 0.36+0.31

−0.04 2.03+0.01
−0.15 137+8

−8 3.56+0.24
−0.21 2.49+1.70

−3.00

070724 0.97+0.12
−0.05 1.45+0.73

−0.64 79+10
−35 -1.13+0.69

−1.01 1.66+0.24
−0.23 110+2

−3 1.15+0.07
−0.06 1.45+0.48

−0.29

070809 1.42+0.05
−0.04 1.67+0.54

−0.30 361+105
−128 0.17+0.17

−0.41 1.74+0.36
−0.37 5485+7886

−2183 1.00+0.22
−0.20 1.20+0.25

−0.15

080426 1.94+0.14
−0.14 126+92

−25 -0.36+0.48
−2.04 1.63+0.48

−0.35 422+255
−131 1.25+0.07

−0.06 2.30+0.10
−0.37

080702A 1.11+0.26
−0.10 1.10+1.50

−1.00 174+205
−142 0.25+0.39

−2.02 1.18+0.85
−0.40 420+189

−180 1.59+0.52
−0.23 3.30+0.83

−1.56

080905A 0.44+0.51
−0.32 124+39

−55 2.48+0.30
−0.24 1.63+0.36

−0.33

081024A 0.70+0.13
−0.08 0.7+3.6

−0.6 0.40+0.11
−0.30 5.50+2.50

−2.00 81+4
−18 4.79+0.37

−0.30 2.19+0.85
−0.53

090426 2.12+0.36
−0.45 33+125

−3 0.21+0.31
−0.34 1.85+0.36

−0.24 260+140
−127 1.04+0.07

−0.06 2.14+0.14
−0.14

090515 2.76+0.55
−0.10 0.30+0.00

−0.30 0.28+0.07
−0.03 1.85+0.17

−0.16 156+9
−27 2.51+0.59

−0.87 2.12+0.39
−0.33

100625A 3.63+0.01
−0.25 1.90+2.40

−1.10 0.36+0.36
−0.63 2.09+0.30

−0.29 222+52
−50 3.15+0.94

−0.85 2.66+0.53
−0.83

110112A 1.65+0.08
−0.06 1.45+1.08

−0.49 144+90
−30 -0.22+0.79

−0.65 2.07+1.02
−0.57 262+113

−80 1.08+0.07
−0.07 2.37+0.38

−0.44

“Canonical” like with0.5 ≤ α2 ≤ 1

051221A 1.50+0.09
−0.03 2.07+0.22

−0.20 681+320
−388 0.59+0.07

−0.11 2.03+0.09
−0.15 46680+12810

−12920 1.49+0.12
−0.11 2.49+1.70

−3.00

060313 2.84+2.13
−1.06 1.55+0.29

−0.28 324+107
−70 0.74+0.08

−0.05 1.82+0.16
−0.10 7467+1511

−1491 1.65+0.12
−0.11 2.50+0.22

−0.28

060801 0.53+0.05
−0.06 1.59+0.23

−0.22 315+21
−30 5.83+0.86

−0.76 2.18+0.63
−0.43
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Table 5.1: Continued:

GRB α1 Γx,1 T1 α2 Γx,2 T2 α3 Γx,3

(s) (s)

“Canonical” like with0.5 ≤ α2 ≤ 1 (Continued)

061201 3.09+0.66
−0.46 1.80+1.00

−0.50 0.54+0.13
−0.14 1.44+0.20

−0.19 2209+802
−587 1.84+0.17

−0.14 2.26+0.38
−0.42

071227 0.82+0.01
−0.01 1.65+0.16

−0.15 180+6
−8 5.12+0.69

−0.46 2.39+0.58
−0.49

080919 0.86+0.04
−0.03 2.31+1.01

−0.83 351+195
−55 4.83+0.77

−0.84 2.35+1.01
−0.83

090510 0.80+0.01
−0.01 1.78+0.14

−0.14 1412+136
−192 2.18+0.17

−0.17 2.22+0.20
−0.16

100117A 0.85+0.01
−0.01 1.59+0.12

−0.11 238+17
−13 3.76+0.58

−0.43 2.30+0.35
−0.32

100702A 1.67+0.15
−0.18 0.1+0.4

−0.4 0.74+0.18
−0.18 2.05+0.13

−0.13 194+14
−6 4.86+0.52

−0.26 2.41+0.28
−0.26

101219A 0.80+0.04
−0.04 1.33+0.72

−0.57 195+7
−12 1.88+0.23

−0.25 1.63+0.37
−0.49

All α > 1

050813 1.27+0.04
−0.03 2.70+4.30

−1.20

050906 >1.28

051105 >1.33

061217 1.29+0.08
−0.05 1.40+1.13

−0.86

070209 >1.23

070429B 1.54+0.05
−0.04 3.10+1.00

−1.40

070729 1.29+0.05
−0.04 1.62+0.86

−0.43
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Table 5.1: Continued:

GRB α1 Γx,1 T1 α2 Γx,2 T2 α3 Γx,3

(s) (s)

All α > 1 (Continued)

070810B >1.36

081101 >1.21

081226 1.45+0.05
−0.04 3.84+0.96

−1.93

090305A 1.42+0.05
−0.04

100206A 1.80+0.05
−0.04 3.30+3.30

−1.30

Simple shallow decayα1 ≤ 1

050509B 1.32+0.06
−0.04 2.61+1.92

−0.94 866+6652
−842 0.08+0.34

−0.80 2.08+1.26
−0.56

060502B 0.95+0.04
−0.03 2.10+2.77

−0.81

070714A 2.23+0.18
−0.04 123+4

−45 0.62+0.06
−0.05 2.24+0.33

−0.33

090621B 4.06+0.01
−0.49 5+5

−1 0.72+0.18
−0.16 3.40+1.40

−1.00

091109B 4.02+0.01
−0.32 4+1

−1 0.64+0.08
−0.09

100628A 1.00+0.01
−0.01
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Chapter 5. Energy Injection in SGRBs 5.2. “Canonical” SGRB lightcurves

Figure 5.1: These are the BAT-XRT lightcurves (0.3 – 10 keV) sorted into 4 groups. a) These GRBs

have a decay slopeα ≤ 0.5 in their “canonical” afterglows. Black - 051210, green - 070724, blue -

070809, light blue - 080426, cyan - 080702A, grey - 080905A, purple - 081024A, light green - 090426,

magenta - 090515, yellow - 100625A, orange - 110112A. b) These have a decay slope of0.5 ≤ α ≤ 1

in their “canonical” afterglows. Black - 051221A, purple - 060313, red - 060801, green - 061201, blue

- 071227, orange - 080919, light blue - 090510, magenta - 100117A, yellow - 101219A. c) These do

not have a shallow decay phase,α > 1. Black - 050813, red - 050906, green - 051105, blue - 061217,

light blue - 070209, magenta - 070429B, yellow - 070810B, purple - 090305A, dark pink - 100206A.

d) These have a single shallow power law decline whereα ≤ 1. Black - 050509B, red - 060502B,

green - 070714A, blue - 090621B, light blue - 091109B, orange- 100628A.
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the BAT-XRT lightcurves used in this analysis (the full process is described in Section 3.2.2). All

the SGRB BAT-XRT lightcurves were fitted with multiple powerlaws from the final decay phase in

the BAT prompt emission throughout the total X-ray afterglow using QDP1 and LCFIT (written by

P. Evans). These fits were then used to identify these with a “canonical” like lightcurve. An XRT

spectrum was created for each region of the lightcurve usingthe automatic data products on the UK

Swift Science Data Centre website (Evans et al., 2007, 2009). The SGRB lightcurves are shown in

Figure 5.1. It was assumed thatFν ∝ ν−βt−α whereβ = Γ − 1 is the spectral index,Γ is the photon

index (Γγ is the photon index measured using BAT andΓx is the photon index measured using XRT)

andα is the temporal index. The steep decay phase following the prompt emission was defined to have

a power law decay ofα1, after which the decay can break to a decay ofα2 and a further break toα3. In

a small number of cases there are more than two breaks in the lightcurve andα3 was defined to be the

final decay slope. The “canonical” like GRBs were classified as havingα2 ≤ 1 and the break time T2

is defined to be the end of the plateau. For GRB 060313, the “canonical” like lightcurve occurs after

the flaring at 100 s after the trigger. The lightcurve fits for all the SGRBs in the sample are provided

in Table 5.1. However, there are several caveats which need to be considered with the results in this

Section and for the magnetar fits in Section 5.3.2. As SGRB afterglows are often faint and fade rapidly,

these lightcurves and spectra can be poorly sampled giving large errors on the values in Table 5.1. This

could also cause breaks in the lightcurve to be missed due to large bin sizes (bins typically contain 20

photons in PC mode data so bins could have long durations; Evans et al., 2007). Additionally, theSwift

satellite slews to observe GRBs after detection, leading toa characteristic gap between the BAT data

and the XRT data, and XRT can only observe for short windows giving further gaps in the lightcurves

which could also hide features in the lightcurves.

21 SGRBs (∼60%) have lightcurves which seem to be fairly well fit with a “canonical” template, sug-

gesting ongoing central engine activity. It is hard to rule out “canonical” lightcurves in other cases

(since the plateau phase could be missed by the sampling or lost due to the faintness of the afterglow),

but the available data do not seem to require it. The break times of the “canonical” like SGRBs are typ-

ically occuring orders of magnitude earlier than for the LGRBs (as shown in Figure 5.2). Histograms

showing the various SGRB decay slopes are shown in Figure 5.3with the values for LGRBs, deter-

1https://heasarc.gsfc.nasa.gov/docs/software/ftools/others/qdp/qdp.html
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Chapter 5. Energy Injection in SGRBs 5.2. “Canonical” SGRB lightcurves

Figure 5.2: Histograms showing the break times for the “canonical” like lightcurves. T1 is the break

from the steep decay phase to the plateau phase while T2 marks the end of the plateau. The blue filled

histograms correspond to the SGRB sample used in this Chapter and overplotted in red are the LGRB

values determined by Evans et al. (2009).

129



Chapter 5. Energy Injection in SGRBs 5.2. “Canonical” SGRB lightcurves

Figure 5.3: Histograms showing the temporal indices of the “canonical” like lightcurves.α1 is the

initial steep decay phase from the last decay in the prompt emission. α2 are the plateau and shallow

decay phase slopes.α3 is the final afterglow decay slope. The blue filled histogramscorrespond to the

SGRB sample used in this Chapter and overplotted in red are the LGRB values determined by Evans et

al. (2009).
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mined by Evans et al. (2009). The values forα1 andα2 are consistent with the LGRB sample, but the

final decay phase (α3) is typically steeper than for the LGRB counterparts. This category was further

subdivided into those with plateaus whereα2 ≤ 0.5 and0.5 ≤ α2 ≤ 1. This subdivision separates

those with a clear plateau phase from those which may be a borderline case. 11 (∼30%) haveα2 ≤ 0.5

and 10 (∼25%) with0.5 ≤ α2 ≤ 1. The remaining GRBs either do not have any shallow decay phase

in their observed lightcurves (∼35%) or have a single, shallow power law decline withα ≤ 1 (∼15%).

In the following comparisons, the plateaus withα2 ≤ 0.5 (blue stars, the GRBs in Figure 5.1a) or

0.5 ≤ α2 ≤ 1 (green circles, the GRBs in Figure 5.1b) are considered in comparison to the final after-

glow phase and compare these to GRBs which do not have a plateau phase (red triangles, the GRBs in

Figure 5.1c) or an unbroken shallow decay (pink squares, theGRBs in Figure 5.1d).

The BAT fluence (15 – 150 keV) of these GRBs is plotted against their 0.3 – 10 keV flux at 100 s in

Figure 5.4a. The GRBs which do not have a “canonical” lightcurve tend to have faint X-ray afterglows

at 100 s (≤ 2× 10−11 erg cm−2 s−1) and relatively low fluences (≤ 2× 10−7 erg cm−2). Those GRBs

with a plateau tend to be clustered at somewhat higher fluences and their X-ray fluxes are significantly

higher at 100 s (∼ 10−11 – 10−9 erg cm−2 s−1). Figure 5.4b shows there is a wide variation in XRT

flux at 100 s for SGRBs with similar prompt fluxes. The GRBs witha “canonical” like lightcurve have

a systematically higher XRT flux at 100 s by several orders of magnitude. Although in many cases

this could be a signal-to-noise issue, considering those with comparable fluences (e.g.10−7 erg cm−2)

suggests that the shallow decay phase is absent from these lightcurves rather than it simply being fainter

than is detectable.

In Figure 5.5, the photon index is compared for the plateau and final decay phases. The GRBs get softer

as they move into the afterglow decay phase as expected from typical spectral evolution. Additionally,

the plateau phase tends to cluster aroundΓ ∼ 2, similar to the plateau observed in LGRBs (O’Brien et

al., 2006b; Dainotti et al., 2010) whereas there is more variation inΓ for the afterglow decay phase.

O’Brien et al. (2006) and Willingale et al. (2007) found thatthe prompt fluence is comparable to the

plateau fluence for LGRBs. In order to compare this result to this SGRB sample, the average flux for

the plateau phase was taken and multiplied by the time at which the decay broke to a more typical

afterglow (assuming this component started at the initial trigger time) giving the 0.3 – 10 keV fluence.
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Figure 5.4: (a) The BAT fluence (15 – 150 keV) plotted against the XRT flux at 100 s (0.3 – 10 keV).

Blue stars haveα2 ≤ 0.5 and “canonical” lightcurve, green circles have0.5 ≤ α2 ≤ 1 and “canonical”

lightcurve, red triangles haveα1,2,3 > 1 and pink squares have just a simple power law decline with

α1 ≤ 1. (b) The BAT peak photon flux (15-150 keV) against the XRT flux at 100 s (0.3 – 10 keV).

Symbols are as in (a).
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Figure 5.5: The photon index of the plateau or shallow decay phase in comparison to the final afterglow

decay phase. Symbols are as Figure 5.4 and the black line shows where the photon indicies would be

equal.
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Figure 5.6: The prompt BAT 15 – 150 keV fluence in comparison tothe shallow decay phase fluence

shifted to the 15 – 150 keV energy band. Symbols are as defined in Figure 5.4 and the black line shows

where the shallow decay phase fluence is equal to the prompt fluence.
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This fluence was then converted to a 15 – 150 keV fluence using the spectral index. Figure 5.6 shows

the prompt and plateau fluence are generally comparable, which is consistent with the result obtained

for LGRBs. There are four significant outliers (GRBs 061201,070724A, 080905A and 090515) whose

plateaus are significantly more energetic than their promptemission.

Figure 5.7 shows the spectral indicies plotted against the temporal indicies for the “canonical” like

lightcurves. These show the same behaviour identified by Evans et al. (2009) for the “canonical”

sample of GRBs. In particular Figure 5.7b shows evidence of energy injection during the plateau phase

as described by Evans et al. (2009).

Dainotti et al. (2010) identified a correlation between the plateau phase luminosity and duration for

LGRBs with a “canonical” lightcurve. Using redshifts whereavailable or the average SGRB redshift

(z ∼ 0.72) and a k-correction (Bloom, Frail, & Sari, 2001), the luminosity and restframe durations for

the SGRB sample were calculated. These results are plotted in Figure 5.8 and the luminosity – duration

correlation is identified. The SGRB sample gradient (-1.28± 0.14) is consistent with the LGRB sample

(-1.06± 0.28; Dainotti et al., 2010). The SGRB plateau phases are typically more luminous and the

plateau is shorter in duration than the LGRB counterparts. Cannizzo, Troja, & Gehrels (2011) argue

that the relationship identified by Dainotti et al. (2010) isdominated by selection affects at z> 1.5.

However, SGRBs are typically at lower redshift (the SGRBs with an observed redshift in this sample

have an average redshift of z∼0.72) so this sample lies well within the region which is not dominated

by selection affects.

The plateau phases of GRB lightcurves are typically explained as ongoing central engine activity, for

example on going accretion onto the central BH. However, ongoing accretion is problematic for NS-

NS and NS-BH merger theories as there is insufficient surrounding material to maintain this accretion

(Lee & Ramirez-Ruiz, 2007). Fallback accretion from material on highly eccentric orbits has been

postulated to resolve this (Rosswog, 2007; Cannizzo, Troja, & Gehrels, 2011), however it is unclear

how to produce the required reservoir of material at a fixed radius. In the remainder of this Chapter,

it is suggested that the plateau phases could be powered by a magnetar formed via the merger of two

NSs.
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Figure 5.7: The spectral indexβ versus the temporal indexα for the three regimes of the “canonical”

like lightcurves: (a) steep decay phase, (b) plateau phase and (c) standard afterglow phase. Where there

is no XRT spectrum available for the steep decay phase, the BAT spectrum is used. All symbols are as

defined in Figure 5.4 and the dashed black line shows whereα = β + 2. As in Evans et al. (2009), the

afterglow closure relations predicted by Zhang & Mészáros (2004) are shown, the grey region is the

slow cooling regime and the black lines are for the fast cooling regime.
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Figure 5.8: (a) The plateau phase flux versus the duration of this phase. Symbols are as defined in

Figure 5.4. (b) The plateau phase luminosity, using published redshifts or the average redshift, versus

the restframe duration of this phase. The black line shows the correlation between the luminosity and

duration for the SGRB sample and the dashed line shows the relationship found by Dainotti et al.

(2010).
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5.3 Magnetar model

5.3.1 Theory

The model used here is as described in Zhang & Mészáros (2001) and was suggested to explain GRB

051221A with a long lived magnetar (Fan & Xu, 2006), for several LGRBs (Troja et al., 2007; Lyons

et al., 2010; Yu, Cheng, & Cao, 2010) and for the short GRB 090515 (Rowlinson et al., 2010b). This

model is consistent with the late time residual spin down phase driving a relativistic magnetar wind

as described in Metzger et al. (2011). Equations 4.2, 4.3, 4.4 and 4.5 are used with an underlying

powerlaw component. Previously, the plateau duration and luminosity were calculated and then input

into the equations. In this Chapter, the equations are fit directly to the rest-frame light curves, taking

into account the shape of the lightcurve (this is a comparable method to that used by Dall’Osso et al.,

2011, who fitted a stable magnetar to the lightcurves of 4 LGRBs). The values of the magnetic field

and spin period obtained were then used to derive the luminosity and plateau duration.

These equations apply to the electromagnetic dominated spin down regime, as the gravitational wave

dominated regime would be extremely rapid and produce a negligble electromagnetic signal. The emis-

sion was assumed to be 100% efficient and isotropic as the beaming angle and emission mechanism

remains very uncertain (see however section 3.4.4). The equations of vacuum dipole spin-down given

above neglect the enhanced angular momentum losses due to neutrino-driven mass loss, which are im-

portant at early times after the magnetar forms (Metzger et al., 2011). Nevertheless, these expressions

reasonably approximate the spin-down of very highly magnetized neutron stars of most relevance in this

Chapter. Isotropic emission is also a reasonable assumption for relatively powerful magnetar winds,

since (unlike following the collapse of a massive star) the magnetar outflow cannot be confined by the

relatively small quantity of surrounding material expected following a NS merger or AIC (Bucciantini

et al., 2011).
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I45 ∼ M1.4R
2
6 (5.1)

Lem,49(T ) = L0,49

(

1 +
T

10−3Tem,3

)−2

(5.2)

Equation 5.1 was used to obtain the mass dependence of the model and equation 5.2 (from Zhang &

Mészáros, 2001) to determine the time dependence of the magnetar emission.

The model also assumes there is a single power law decay,α, underlying the magnetar component

whereFν ∝ ν−βt−α. This value has been set toα = Γγ + 1, whereΓγ is the photon index of

the prompt emission, assuming that the decay slope is governed by the curvature effect (Kumar &

Panaitescu, 2000), i.e. that the surrounding medium is verylow density as might be expected for

neutron star mergers. The normalisation of the power law decay fit is constrained using the last decay

from the prompt emission. In a small number of cases, the decay slope is significantly different from

prediction andα was allowed to vary. If there is a steep decay phase after the plateau, it is assumed the

magnetar has collapsed to a BH at the start of the steep decay (giving the Collapse Time parameter).

The decay after collapse to a BH assumes the same powerlaw decay from the curvature effect, but

starting att0 = tcollapse. It is important to note that the underlying lightcurve could be similar to other

GRBs with a more complex afterglow light curve, but this workassumes that these are naked bursts

(i.e. no surrounding ISM for neutron star mergers) and only the curvature effect is important.

This model was then written into a QDP COD file (COmponent Definition file, used to generate new

models within QDP which can then be fitted to data sets) which,when fit to the restframe lightcurves,

produces Bp,15, P0,−3, R6, M1.4, α and the collapse time where appropriate. In this analysis, M1.4 and

R6 of the neutron star are constrained to be equal to 1 to reduce the number of free parameters in the

model. This is consistent with the values determined by observations of three typical neutron stars:

M≤2 M⊙ and7 ≤ R ≤ 11 km (Özel, Baym, & Güver, 2010). As the model considers an extreme

neutron star, it was noted that the mass and radius may differfrom these results. However, this only

has a relatively small affect on the magnetic fields and spin periods calculated (as shown in Chapter 4

and Rowlinson et al., 2010b) and so it is a reasonable approximation as this Chapter just demontrates
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the plausibility of the magnetar model fitting the SGRB lightcurves.

5.3.2 SGRBs fitted with the magnetar model

The selected GRBs are those SGRBs (T90 ≤ 2 s) with sufficient data to produce multiple data points

in the X-ray lightcurve. This selection criteria excludes SGRBs with extended emission, which may

share a common progenitor to SGRBs but this is still uncertain. 80% of SGRBs in the sample have

been investigated for evidence of extended emission by Norris, Gehrels, & Scargle (2010) but only

GRB 071227 has this component. The sample are listed in Table5.2 and their magnetar fits are given

in Table 5.3. The magnetar candidates fit the model well, the possible candidates are GRBs which

may fit the magnetar model if assumptions are made and the other SGRBs are those which do not fit

the model. The BAT-XRT lightcurves in the energy band 0.3 – 10keV are created and then shifted

into the restframe 1-10000 keV luminosity lightcurve usinga k-correction (Bloom, Frail, & Sari, 2001)

and the method described in Section 3.2.2. If no redshift is known the mean SGRB redshift is used,

z = 0.72. These lightcurves were then fitted using the magnetar model, as shown in Figures 5.9. There

are two potential outcomes: a stable long lived magnetar which does not collapse to form a BH and an

unstable magnetar which collapses forming a BH after a few 100 s. The following Sections compare

the properties of the stable magnetars (blue stars in the figures), the unstable magnetars which collapse

to form a BH (green circles) and the SGRBs which do not fit the model (red triangles).

The lightcurves are fit over plateau region and the power law decay, including the last decay in the

prompt emission and the X-ray observations. This removes the effect of the poorly understood flaring

prompt emission not modeled by this method. The reducedχ2
ν is determined for each fit and is deter-

mined to be a good fit to the model ifχ2
ν < 3. Some of the fits were poor, but with visual inspection

this is sometimes associated with flares on the plateau or steep decay, for example GRB 100117A.

In Table 5.3 provides the derived plateau luminosity and plateau duration calculated using the magnetic

field strengths, the spin periods and equations 4.2 and 4.3.

When fitting GRB 060313, which may show evidence of late time central engine activity (Roming et

al., 2006), it was noted that the model fits part of the lightcurve extremely well. In this case, obsevar-
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Table 5.2: Properties of the SGRB sample, the groups are identified using the fits provided in Table 5.3. The magnetar candidates fit the model well,

the possible candidates are GRBs which may fit the magnetar model if certain assumptions are made about beaming or redshift and the other SGRBs

are those which have a statistically poor fit to the magnetar model. These observed quantities, including host galaxy associations, offsets and optical

afterglow detections, are from published papers and GCNs (references listed below), host offsets are quoted with errors if published. When the redshift

is not known, the average redshift 0.72 was used and this is shown using brackets.

(1)Cummings et al. (2005); Soderberg et al. (2006)(2)Markwardt et al. (2006b); Roming et al. (2006)(3)Sato et al. (2006); Cucchiara et al. (2006)

(4)Krimm et al. (2007); Perley et al. (2008)(5)Cummings et al. (2008b)(6)Barthelmy et al. (2008c)(7)Sato et al. (2009); Antonelli et al. (2009); Xin

et al. (2011)(8)Ukwatta et al. (2009); de Pasquale et al. (2010); McBreen et al. (2010)(9)Barthelmy et al. (2009a); Rowlinson et al. (2010b)

GRB z T90 Γγ Fluence Host Host offset Optical Afterglow

(s) (10−7 erg cm−2 s−1) (arcsec)

Magnetar candidates

051221A(1) 0.55 1.4±0.2 1.39±0.06 11.6±0.4 y 0.12±0.04 Y

060313(2) (0.72) 0.7±0.1 0.71±0.07 11.3±0.5 ? 0.4±0.6 Y

060801(3) 1.13 0.5±0.1 0.47±0.24 0.81±0.10 ? 2.4±2.4 N

070809(4) 0.219 1.3±0.1 1.69±0.22 1.00±0.10 y 20 Y

080426(5) (0.72) 1.7±0.4 1.98±0.13 3.7±0.3 n - N

081024(6) (0.72) 1.8±0.6 1.23±0.21 1.2±0.2 n - N

090426(7) 2.6 1.2±0.3 1.93±0.22 1.8±0.3 y 18 Y

090510(8) 0.9 0.3±0.1 0.98±0.20 3.4±0.4 y 1 Y

090515(9) (0.72) 0.036±0.016 1.6±0.2 0.21±0.04 n - Y
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Table 5.2: Continued:

(1)Baumgartner et al. (2010)(2)Krimm et al. (2010); Chornock & Berger (2011)(3)Sato et al. (2005b); La Parola et al. (2006)(4)Markwardt et al.

(2006c); Stratta et al. (2007)(5)Barthelmy et al. (2007)(6)Krimm et al. (2008b)(7)Cummings et al. (2008a); Rowlinson et al. (2010a)(8)Krimm et al.

(2009)(9)Barthelmy et al. (2010); Tanvir & Levan (2010b)(10)Barthelmy, Sakamoto & Stamatikos (2011); Levan, Tanvir & Baker (2011)

GRB z T90 Γγ Fluence Host Host offset Optical Afterglow

(s) (10−7 erg cm−2 s−1) (arcsec)

Magnetar candidates

100702A(1) (0.72) 0.16±0.03 1.54±0.15 1.2±0.1 n - N

101219A(2) 0.718 0.6±0.2 0.63±0.09 4.6±0.3 y - N

Possible candidates

051210(3) (0.72) 1.4±0.2 1.1±0.3 0.83±0.14 ? 2.8±2.9 N

061201(4) 0.111 0.8±0.1 0.81±0.15 3.3±0.3 ? 17 Y

070714A(5) (0.72) 2.0±0.3 2.6±0.2 1.5±0.2 n - N

080702A(6) (0.72) 0.5±0.2 1.34±0.42 0.36±0.10 n - N

080905A(7) 0.122 1.0±0.1 0.85±0.24 1.4±0.2 y 9 Y

090621B(8) (0.72) 0.14±0.04 0.82±0.23 0.7±0.1 n - N

100625A(9) (0.72) 0.33±0.03 0.9±0.1 2.3±0.2 y 0±1.8 N

110112A(10) (0.72) 0.5±0.1 2.14±0.46 0.3±0.1 y - Y
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Table 5.2: Continued:

(1)Barthelmy et al. (2005c); Gehrels et al. (2005)(2)Parsons et al. (2007); Berger et al. (2009); Kocevski et al. (2010)(3)Sato et al. (2007b); Caito et

al. (2010); D’Avanzo et al. (2009)(4)Baumgartner et al. (2008); Immler & Holland (2008); Covino et al. (2008)(5)Markwardt et al. (2009); Levan et

al. (2009); Malesani et al. (2009)(6)Markwardt et al. (2010); Levan et al. (2010); Fong, Berger, &Fox (2010)

GRB z T90 Γγ Fluence Host Host offset Optical Afterglow

(s) (10−7 erg cm−2 s−1) (arcsec)

Other SGRBs

050509B(1) 0.23 0.024±0.009 1.5±0.4 0.23±0.09 y 17.9±3.4 N

070724A(2) 0.46 0.40±0.04 1.81±0.33 0.30±0.07 y 0.7±2.1 N

071227(3) 0.38 1.8±0.4 0.99±0.22 2.2±0.3 y 3.1 Y

080919(4) (0.72) 0.6±0.1 1.10±0.26 0.72±0.11 ? - Y

091109B(5) (0.72) 0.30±0.03 0.71±0.13 1.9±0.2 ? 8 Y

100117A(6) (0.72) 0.30±0.05 0.88±0.22 0.93±0.13 y 0.6 Y
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Table 5.3: The sample of short GRBs used with their magnetar fits. Eiso is calculated using the fluences and redshifts in Table 5.2 and a k-correction

(Bloom, Frail, & Sari, 2001). The values forα are input into the model unless they are bracketed - in this case the values are fit within the model. If

there is a steep decay phase, it is assumed that the magnetar collapses to form a BH and the model determines the collapse time. The values for P−3

and B15 are fitted from the model assuming isotropic emission. Also provided areχ2
ν for each GRB fitted. Using the values of P−3 and B15 obtained

from the model, the plateau luminosity and duration are derived using equations 4.2 and 4.3. The derived plateau duration describes the point at which

the X-ray emission from the magnetar starts to turn over fromthe plateau phase to a powerlaw decay phase.

GRB Eiso P−3 B15 α1 = Γγ + 1 Collapse time χ2
ν Plateau Luminosity Plateau Duration

(erg) (s) (erg s−1) (s)

Magnetar candidates

051221A 1.83+0.45
−0.35×1052 8.97+0.34

−0.31 2.10+0.16
−0.15 (1.41+0.03

−0.04) - 1.5 6.8+0.9
−0.8×1045 37300+6400

−5800

060313 3.12+1.06
−0.79×1053 4.45+0.17

−0.16 4.19+0.28
−0.28 1.71 - 0.7 4.5+0.5

−0.5×1047 2310+350
−340

060801 1.17+1.79
−0.71×1053 3.70+0.29

−0.22 21.40+3.75
−3.27 1.47 326 2.1 2.5+0.7

−0.6×1049 61+24
−20

070809 8.87+9.06
−3.48×1049 5.71+1.33

−1.17 15.34+1.32
−1.19 (1.70+0.11

−0.08) - 1.2 2.2+1.1
−0.9×1048 284+100

−88

080426 3.48+0.67
−0.24×1051 9.25+0.42

−0.37 13.37+2.32
−1.72 2.98 - 1.7 2.4+0.6

−0.5×1047 980+350
−260

081024 5.65+7.53
−3.16×1051 3.02+0.45

−0.32 32.09+4.39
−5.82 2.33 125 2.9 1.2+0.4

−0.4×1050 18+7
−8

090426 3.98+1.30
−0.03×1052 2.38+0.10

−0.09 5.78+1.10
−1.02 2.93 - 1.9 1.0+0.3

−0.3×1049 350+140
−130

090510 5.76+6.86
−3.10×1052 2.08+0.04

−0.04 5.61+0.29
−0.26 1.98 - 2.0 1.7+0.1

−0.1×1049 280+31
−28

090515 3.44+3.55
−1.55×1050 2.30+0.06

−0.06 13.75+1.28
−1.23 2.60 176 2.2 6.7+1.0

−0.9×1049 58+11
−11

100702A 2.28+1.46
−0.80×1051 3.02+0.15

−0.18 22.94+1.59
−1.73 2.54 167 3.0 6.4+0.9

−1.0×1049 35+6
−7

101219A 1.69+0.79
−0.54×1053 2.09+0.12

−0.10 6.24+1.06
−0.87 (1.25+0.03

−0.03) 138 2.5 2.0+0.5
−0.4×1049 230+83

−68
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Table 5.3: Continued:

GRB Eiso P−3 B15 α1 = Γγ + 1 Collapse time χ2
ν Plateau Luminosity Plateau Duration

(erg) (s) (erg s−1) (s)

Possible candidates

051210 5.98+13.5
−4.05×1051 0.67+0.06

−0.07 5.01+0.95
−1.07 2.1 225 2.5 1.2+0.3

−0.5×1051 37+15
−18

061201 1.42+1.67
−0.69×1051 16.13+0.65

−0.59 21.07+1.95
−1.59 1.57 - 0.9 6.6+1.0

−0.8×1046 1200+240
−200

070714A 3.28+3.08
−1.48×1051 12.99+1.29

−1.26 19.48+5.29
−4.78 3.60 - 2.9 1.3+0.6

−0.5×1047 910+530
−480

080702A 1.20+4.90
−0.90×1051 21.80+2.24

−1.78 58.23+19.68
−13.42 2.34 - 0.7 1.5+0.8

−0.5×1047 290+200
−140

080905A 6.16+12.3
−4.03×1050 14.12+1.84

−1.60 74.85+14.69
−21.38 (0.80+0.05

−0.09) 274 1.4 1.4+0.5
−0.7×1048 73+34

−45

090621B 1.31+2.07
−0.80×1052 76.08+15.44

−9.84 65.95+30.57
−19.04 (4.73+1.34

−1.22) - 2.5 1.3+1.0
−0.6×1045 2700+2800

−1700

100625A 3.27+1.76
−1.15×1052 25.48+3.87

−4.04 186.69+34.11
−27.49 (2.83+0.63

−0.58) - 2.4 8.3+3.3
−3.1×1047 38+18

−17

110112A 2.91+5.85
−0.17×1050 19.55+1.35

−1.14 28.09+5.09
−3.82 3.14 - 2.7 5.4+1.6

−1.2×1046 990+390
−290

Other SGRBs

050509B 3.82+16.9
−2.87×1049 87.43+27.17

−19.63 23.81+17.85
−13.08 2.5 - 4.6 9.7+11.9

−8.7 ×1043 28000+45000
−33000

070724A 1.13+1.87
−0.40×1050 1.39+0.24

−0.12 27.61+1.28
−1.19 (1.25+0.04

−0.04) 90 5.7 2.0+0.7
−0.3×1051 5+2

−1

071227 6.07+9.45
−3.67×1051 3.40+0.19

−0.16 31.61+1.47
−1.59 (1.21+0.03

−0.02) 170 4.1 7.5+1.0
−0.8×1049 24+3

−3

080919 5.18+9.34
−3.26×1051 18.15+1.63

−1.34 79.91+35.79
−27.28 2.10 320 7.3 5.9+3.9

−3.0×1047 110+97
−74

091109B 5.25+3.95
−2.27×1052 21.67+2.43

−1.89 14.59+4.14
−3.53 (3.11+0.47

−0.46) - 4.0 9.7+4.4
−3.7×1045 4500+2800

−2300

100117A 1.42+2.08
−0.84×1052 1.29+0.12

−0.16 13.48+0.92
−0.82 1.88 - 7.0 6.6+1.4

−1.7×1050 19+4
−5
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Figure 5.9: SGRB lightcurves fit with the magnetar model.
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Figure 5.9: Continued:
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Figure 5.9: Continued:
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tions between 50 – 200 s (the initial X-ray data) were ignoredin the fit as this duration appears to be

dominated by flares. If these data are included in the fit, thenthe magnetar model does not fit the data

well. The model fits well to GRB 090515 predicting values similar to those given in Rowlinson et al.

(2010b).

5.3.3 Analysis

Figure 5.10 shows the spin periods and magnetic fields determined for the sample of GRBs assuming

isotropic emission. Eleven of the SGRBs had a good fit and lie within the correct region of the magnetic

field strength and spin periods, these are the magnetar candidates listed in Table 5.2. Eight GRBs have

good fits to the model but lie outside the allowed region (the possible candidates in Table 5.2). These

GRBs may be in the allowed (unshaded) region if they were at a higher redshift as shown in Rowlinson

et al. (2010b). Additionally, this region is defined using angular momentum conservation during the

merger of two NSs (Usov, 1992) and is not a physically forbidden region. Therefore, the candidates

with spin periods>10 ms may remain good candidate magnetars. GRB 051210 is included in the

possible candidates list as it is spinning faster than is allowed in the models, but it is worth noting that

if the NS formed had a mass of 2.1M⊙ then it would reside within the allowed region, as more massive

NSs are able to spin at a faster rate. As GRB 051210 is a candidate which may collapse to form a BH,

the higher mass solution is supported.

Prompt and X-ray Properties

There are no obvious trends between the prompt properties and the derived values for the magnetic field

and spin periods, so the magnetar model is unlikely to be strongly dependent on the prompt emission

mechanism. In Figure 5.11, the prompt properties for the sample are shown and there are no obvious

relationships.

Some of the model fits would predict a fairly shallow decay from the prompt emission, for example

GRB 060801, which may lie above the BAT threshold. In these cases, it might be expected that ex-

tended emission is detectable in the prompt emission and this was not observed, so these fits may be
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Figure 5.10: A graph showing the magnetic field and spin period of the magnetar fits produced. The

solid (dashed) red line and dark shaded area represent the spin break up period for a collapsar (binary

merger) progenitor (Lattimer & Prakash, 2004) and the unshaded region shows the allowed region for

an unstable pulsar, as defined in (Lyons et al., 2010; Rowlinson et al., 2010b). The initial rotation period

needs to be≤10 ms (Usov, 1992) and the lower limit for the magnetic field is≥1015 G (Thompson,

2007). The black curve is the result predicted for GRB 090515from Rowlinson et al. (2010b). Blue

stars = good fit to the magnetar model with a stable magnetar, Green circles = good fit to the model

with an unstable magnetar which collapses to form a BH, and Red triangles = poor fit to the model.
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Figure 5.11: (a) The prompt photon index,Γ (15 – 150 keV) versus the T90 duration. (b) The prompt

photon index,Γ (15 – 150 keV) versus the 15 – 150 keV fluence. Symbols are as in Figure 5.10.
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incorrect. However, the majority of the candidate magnetars in the sample can be fitted with a steep

decay from the prompt emission so no extended emission wouldbe expected. The exceptions to this

are GRBs 080905A and 060801 which do not appear to fit the modelwell. It is important to note

that, although these fits are not as good, these GRBs cannot bediscounted using this criterion. This is

because the spectral properties of the magnetar component are not known or it is not known if spectral

evolution is occuring, so this component may be spectrally soft and therefore undetectable by BAT.

In Figure 5.12(a), the 0.3 – 10 keV flux at 1000 s is compared to the flux at 100 s. The magnetar

candidates tend to have a higher flux at 1000 s than the other SGRBs, with the exception of GRBs

051210, 060801, 080905A, 081024, 090515, 100702 and 101219A (i.e. the candidates which are

modelled as collapsing to a BH). Two other GRBs show a similartrend to the magnetar candidates,

these are 050509B, which visually fits the magnetar model well but does not have enough data to

conclusively prove this, and GRB 091109B. This graph can be explained if all SGRBs are assumed to

occur in a low density environment, resulting in little afterglow, and the only observed emission results

from the curvature effect. The magnetar candidates which collapse to form a BH and the other SGRBs

fade rapidly, whereas the stable magnetars are giving prolonged energy injection giving the higher late

time X-ray fluxes. This analysis suggests that mergers collapsing straight to BHs have significantly

fainter X-ray afterglows, which fade rapidly, and hence there may be a selection bias against these

objects in this analysis (as sufficient data points were required to fit the model). When considering

only the stable magnetar candidates, there is a large positive correlation (correlation coefficient = 0.84,

whereas the whole sample had a poor correlation coefficient of 0.03) between the X-ray flux at 100

s and 1000 s. As this graph was produced independently from the magnetar model, this correlation

suggests that there is a strong relationship between the early and late time X-ray flux for the stable

magentar sample. Figure 5.12(b) shows evidence of a similarcorrelation for the X-ray flux at 100 s

in comparison to the flux at 10000 s, although with more scatter (correlation coefficient = 0.54). In

Figures 5.12(c) and (d) the fluxes at 100 s and 1000 s are plotted versus the prompt 15 – 150 keV

fluence observed. There is no evidence of a correlation between the flux at 100 s and the fluence for the

whole sample but there is a possible correlation for the stable magnetar sample (correlation coefficient

for all is 0.07 but 0.63 for the stable magnetar sample). In Figure 5.12(d) the possible correlation for the

stable magnetar sample is very weak (0.22) but there is a weakcorrelation between the prompt fluence
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and the 1000 s X-ray flux for the whole sample (correlation coefficient = 0.33).

For each GRB in the sample, a 0.3 – 10 keV XRT spectrum (using the automatic data products on

the UK Swift Data Centre website Evans et al., 2007, 2009) forthe model derived rest frame plateau

duration (converted to observed frame durations) was extracted to compare the spectral properties in the

magnetar emission phase. This was not possible for some of the sample as XRT observations started

after the plateau phase had ended. Each spectrum was fitted inXSPEC using a power law,ΓX , the

Galactic NH (neutral hydrogen column density, taken from Kalberla et al., 2005) and the intrinsic NH

at the redshift provided in Table 5.2. The spectral fits are provided in Table 5.4.

The photon index of the plateau phase,ΓX , is compared to the photon index of the prompt emission,

Γγ , in Figure 5.13(a). The plateau phase tends to be softer on average than the prompt emission. There

is a slight correlation between these two values for the whole sample, with a correlation coefficient of

0.48. However, if the GRBs which do not fit the magnetar sample(i.e. the other SGRBS) are removed

from the sample along with the outlier GRB 090621B (a possible candidate with extreme values for

B15 and P−3 and a very soft plateau) this correlation becomes much more significant, with a correlation

coefficient of 0.85, and this is shown in Figure 5.13(b). The relationship between these values is given

by ΓX = Γa
γ , wherea = 0.26 ± 0.15. This suggests that the spectrum of the plateau regime for the

magnetar sample is dependent on the spectrum of the prompt emission and this is independent of the

stability of the magnetar.

In Figure 5.14, the intrinsic and Galactic NH values are compared. The majority of the SGRBs are

consistent with having negligible intrinsic NH observed in their spectra suggesting they are likely to

have occured in low density environments. The main exception is GRB 070714A which has a large

and well constrained intrinsic NH implying it may have occured in a higher density environment.

The NH values can be used to estimate the AV absorption using the Bohlin, Savage, & Drake (1978)

conversion, given in Equation 5.3, and the E(B-V) conversions given in Pei (1992) for Galactic, Small

Magellanic Cloud (SMC) and Large Magellanic Cloud (LMC) sightlines. For GRB 070714A the total

NH absoprtion corresponds to AV ∼ 11.9 mag (Galactic), AV ∼ 11.3 mag (SMC) and AV ∼ 12.2 mag

(LMC). Therefore, for GRB 070714A, it seems unlikely that the optical afterglow would be detectable.

Other GRBs which may have significant intrinsic NH include GRBs 051221A, 080426, 080919 and
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Figure 5.12: (a) The 0.3 – 10 keV flux at 100 s versus 1000 s. (b) The 0.3 – 10 keV flux at 100 s versus

10000 s. (c) The 15 – 150 keV flunce versus the 0.3 – 10 keV flux at 100 s. (d) The 15 – 150 keV

flunce versus the 0.3 – 10 keV flux at 1000 s. Symbols are as in Figure 5.10.
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GRB ΓX Galactic NH Restframe Intrinsic NH

(1020 cm−2) (1020 cm−2)

Magnetar candidates

051221A 2.04+0.14
−0.13 5.70±0.37 18.0+7.10

−6.60

060313 1.61+0.16
−0.13 5.00±1.17 0.00+5.84

−0.00

060801 1.53+0.47
−0.43 1.40±0.31 29.9+68.8

−29.9

070809 1.73+0.83
−0.43 6.40±0.17 2.95+14.9

−2.95

080426 1.93+0.29
−0.27 37.0±4.19 32.0+31.6

−25.5

090426 2.03+0.19
−0.11 1.50±0.11 0.00+36.0

−0.00

090510 1.56+0.20
−0.19 1.70±0.11 10.0+16.0

−10.0

090515 1.89+0.25
−0.24 1.90±0.25 13.1+11.6

−10.5

101219A 1.65+0.32
−0.31 4.90±0.87 56.8+26.7

−20.4

Possible candidates

061201 1.44+0.20
−0.19 5.20±1.58 6.77+4.25

−3.88

070714A 2.12+0.37
−0.35 9.20±1.25 214+51.8

−45.7

080702A 1.57+0.85
−0.76 15.0±1.50 125+251

−121

090621B 2.50+1.60
−1.00 19.0±1.96 42.8+108

−42.8

110112A 2.07+0.46
−0.24 5.50±0.40 7.86+12.7

−7.86

Other SGRBs

050509B 1.92+1.09
−0.60 1.60±0.04 8.00+8.10

−8.00

080919 2.23+1.02
−0.84 26.0±3.78 105+126

−75.8

091109B 1.96+0.64
−0.43 9.20±0.96 14.5+27.9

−14.5

Table 5.4: The 0.3 – 10 keV spectral fits for the derived plateau durations given in Table 5.3. Provided

are the photon index,ΓX,plateau, the Galactic NH and the restframe intrinsic NH using the redshifts

provided in Table 5.2.
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Figure 5.13: A comparison between the prompt emission photon index (15 – 150 keV) and the plateau

photon index (0.3 – 10 keV). (a) shows the whole sample considered and (b) focuses on the candidates

which show evidence of a correlation between the prompt and plateau emission. Symbols are as in

Figure 5.10. 156
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Figure 5.14: The intrinsic rest frame NH in comparison to the Galactic NH . The arrows represent two

GRBs which had zero intrinsic NH fitted in their spectra, the maximum error has been plotted asan

upper limit for their intrinsic NH . Symbols are as in Figure 5.10.

101219A. In contrast, GRB 090426 has an extremely low total NH corresponding to AV ∼ 0.080 mag

(Galactic), AV ∼ 0.076 mag (SMC) and AV ∼ 0.082 mag (LMC).

NH

E(B − V )
= 5.8× 1021 atoms cm−2 mag−1 (5.3)
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Optical Afterglows

A 1 keV flux lightcurve showing the prompt, X-ray and the most constraining optical observation

during the plateau phase was created for each burst in the sample. These were produced using the

simple relation given in equation 5.4 (assuming a simple power law spectrum and a spectral index

βx = Γx − 1) to shift the observed fluxes at a measured energy to 1 keV.

Fν(1keV ) = Fν(measured)

(

E(measured)

1keV

)βx,o

(5.4)

Γx was obtained from the time averaged PC mode spectra producedby the automated anaylsis on the

UK SwiftData Centre website (Evans et al., 2007, 2009). The 0.3 – 10 keV BAT XRT lightcurves were

shifted to flux at 1 keV using equation 5.4. The optical magnitudes were converted into flux for the

wavelength of the optical filter used and then shifted to 1 keVusing equation 5.4. As there may be a

cooling break inbetween the optical and X-ray observations(Sari, Piran, & Narayan, 1998), the two

extreme cases are taken i.e.βo = βx andβo = βx−0.5. The errors on the observed optical magnitudes

and the errors onΓx are used to define the region on the lightcurve that the optical data could reside

in (dark grey - no cooling break, light grey - cooling break, note there is overlap between these two

regimes). If the optical and X-ray data are consistent, thenthe X-ray data points should lie within the

shaded regions for the optical data.

The 1 keV flux lightcurves for GRBs which fit the magnetar modelare shown in Figure 5.15. GRBs

051221A and 090426 have optical afterglows which are consistent with their X-ray afterglows. GRB

061201 may also be consistent but would require the most extreme errors and cooling break. 53% have

optical afterglows that are inconsistent with their X-ray afterglows, signifying either significant optical

absorption or an extra component in the X-ray afterglow. However, as shown in Section 5.3.3 and

Figure 5.14 using absorption in the X-ray spectra, the majority of the candidates are consistent with

occuring in a low density environment. Only GRBs 080426 and 101219A have inconsistent afterglows

and evidence of significant absorption in their X-ray spectra. In the remaining 26% the optical upper

158



Chapter 5. Energy Injection in SGRBs 5.3. Magnetar model

Figure 5.15: 1 keV flux lightcurves with 1 optical observation, light shaded region = optical observation

assuming a cooling break and dark shaded region = optical observation assuming no cooling break. The

references are for the optical observation used. If the X-ray and optical observations are consistent with

originating from the same source, the X-ray data points should pass through the shaded regions. These

are the magnetar candidate SGRB sample. GRB 051210 - Jelineket al. (2005) - inconsistent, GRB

051221A - Soderberg et al. (2006) - optical observations areconsistent with X-ray observations, GRB

060313 - Roming et al. (2006) - inconsistent and GRB 060801 - Brown & Racusin (2006) - inconsistent.
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Figure 5.15: Continued: GRB 061201 - Stratta et al. (2007) - only consistent for with most extreme

cooling break and errors, GRB 070714A - Chester & Grupe (2007) - upper limits inconclusive if there

is an extreme cooling break. GRB 070809 - Chester & Marshall (2007) - upper limits inconclusive,

GRB 080426 - Oates & Ziaeepour (2008) - inconsistent and GRB 080702A - de Pasquale (2008) -

upper limits inconclusive, GRB 080905A - Brown & Pagani (2008) - upper limits inconclusive.
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Figure 5.15: Continued: GRB 081024A - de Pasquale & Stratta (2008) - upper limits inconclusive,

GRB 090426 - Oates & Cummings (2009) - optical observations are consistent with X-ray observations,

GRB 090510 - Kuin & Hoversten (2009) - inconsistent. GRB 090515 - Seigel & Beardmore (2009) -

inconsistent, GRB 090621B - Curran (2009) - inconsistent and GRB 100625A - Landsman & Holland

(2010) - inconsistent.

161



Chapter 5. Energy Injection in SGRBs 5.3. Magnetar model

Figure 5.15: Continued: GRB 100702A - de Pasquale & Siegel (2010) - inconsistent, GRB 101219A -

Kuin & Gelbord (2010) - inconsistent and GRB 110112A - Breeveld & Stamatikos (2011) - inconsis-

tent.

limits are not constraining enough. Of the GRBs which do not fit the magnetar model, only GRB

100117A has an optical afterglow which is definitely inconsistent with the X-ray afterglow (as shown

in Figure 5.16).

Figure 5.17 compares the average X-ray fluxes at 1 keV to the optical fluxes at 1 keV with (b) and

without (a) a cooling break. The average X-ray flux was calculated using the flux at the start of the

optical observation and the flux at the end of the observation. If there is an extra component in the

X-ray emission, the data points will lie below the black linein both Figures. This supports the previous

analysis, i.e. there are several magnetar candidates with inconsistent optical emission, some which

would rely on the most extreme uncertainties and cooling breaks. However the sample of SGRBs
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Figure 5.16: As Figure 5.15, the GRBs shown here are from the other SGRB sample GRB 050509B

- Breeveld et al. (2005) - consistent, GRB 070724A - de Pasquale & Ziaeepour (2007) - upper limits

inconclusive if there is an extreme cooling break, GRB 071227 - Cucchiara & Sakamoto (2007) - likely

consistent, GRB 080919 - Immler & Holland (2008) - likely consistent, GRB 091109B - Oates (2009)

- upper limits inconclusive if there is an extreme cooling break, and GRB 100117A - de Pasquale,

Holland, & Oates (2010) - extremely inconsistent.
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Figure 5.17: The optical flux shifted to 1 keV is plotted against the average X-ray flux during the optical

observation also shifted to 1 keV. The solid black line represents where these are equal, as expected if

they are consistent with each other. In (a) it is assumed there is no cooling break between the optical

and X-ray observations and in (b) it is assumed there is the most extreme cooling break. Symbols are

as in Figure 5.10.
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which do not fit the magnetar model are more likely to have consistent X-ray and optical observations,

and when they are not consistent it is likely due to flaring activity in their X-ray lightcurves.

Although there is some evidence that the magnetar candidates have additional X-ray emission, it is

not known what spectrum is expected from a newly formed magnetar and hence those whose optical

emission is consistent with their X-ray emission cannot be completely discounted.

5.3.4 Discussion

Specific cases

GRB 070809 is one of the best fitting stable magnetar candidates and lies within the allowed regions.

This GRB had a faint optical afterglow and is offset by 20 kpc from a galaxy at z = 0.219 (Perley et al.,

2008), making it an ideal candidate for a magnetar formed viathe merger of two NSs. However it is

important to cautious about this candidate host galaxy association as the likelihood this is an unrelated

field galaxy is 5 – 10% (Tunnicliffe et al. private communication).

GRB 061201, with a spin period of∼16 ms, fits the magnetar model well but is spinning slower than

expected. This relies on the correct host galaxy identification and hence redshift, as it would fit the

model if at a higher redshift. Additionally, the approximate 10 ms limit imposed by Usov (1992)

is dependent on the initial radius of the collapsing object and the radius of the final NS. This limit

is also derived for the model involving AIC of a WD. Thereforethere is some level of flexibility in

this imposed limit. This, and other GRBs close to this boundary, are still considered to be potential

candidate magnetars.

GRB 051221A is consistent with having energy injection in its lightcurve out to∼ 2×104 s (Burrows et

al., 2006; Soderberg et al., 2006). Fan & Xu (2006) explainedthis as energy injection from a magnetar.

The model used in this Chapter model fits this GRB very well. Jin et al. (2007) proposed an alternative

two jet model to explain the lightcurves without requiring additional energy injection.

GRB 060313 has been included in the magnetar sample by ignoring the first 50 – 200 s of the lightcurve
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due to the flaring activity, this gives a good fit to the later data but this result should be treated with

caution. Flares could be associated with on-going accretion onto the newly formed magnetar. Alterna-

tively, Dai et al. (2006) and Gao & Fan (2006) suggest that theX-ray flares originate from reconnection

of twisted magnetic fields within the NS. Margutti et al. (2011) have conducted a systematic study into

SGRB flares, including the flares observed in GRB 060313, and concluded that the flares are consistent

with a central engine origin.

Included in this sample are SGRBs whose progenitors are subject to significant debate, particularly

GRB 090426 at z∼2.6 which could have orginated from a collapsar instead of a binary merger although

that has not been ruled out (Antonelli et al., 2009; Levesqueet al., 2010; Thöne et al., 2011; Xin et al.,

2011). GRB 090426 fits the model well, irrespective of the progenitor, but the progenitor debate is

important to note as this Chapter is specifically studying possible NS binary merger progenitors.

The Wider Sample

Interestingly, seven of the magnetar candidates require collapse to a BH (051210, 060801, 080905A,

081024, 090515, 100702A and 101219A) although, when considering their wider properties, it is noted

that GRBs 060801, 080905A and 081024 do not appear to fit the model well. This implies that, if these

SGRBs are making magnetars, they only collapse to a BH in a small number of cases. Comparing

the derived plateau durations and the collapse times provided in Table 5.3, the magnetar typically

(but not always) collapses to a BH after the plateau phase, i.e. when the magnetar has spun down

significantly. The collapse time is related to the mass of themagnetar and the spin period at which the

differential rotation can no longer support gravitationalcollapse. The discrepancy between collapse

time and plateau duration are hence likely to be reliant uponthe mass of the magnetar. Additionally,

there may be ongoing accretion on to the magnetar (remnants of the merger) which may raise the mass

of the magnetar above the critical point prior to significantspin down. Interestingly, those candidates

which collapse to form a BH and are within the allowed (unshaded) region of Figure 5.10 have a higher

magnetic field for a given spin period than the candidates which do not collapse to a BH.

Many of the magnetar candidates lie within, or near to, the predicted plateau luminosity and duration
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relation in Metzger et al. (2011) when considering uncertainties due to redshift, efficiency and beaming.

However, there are candidates whose plateaus are significantly shorter than predicted or at a lower

luminosity. It is important to note that this analysis and that of Metzger et al. (2011) assumes a NS

mass of 1.4M⊙ and this is likely to be significantly higher for a NS merger progenitor (e.g. 2.1M⊙).

This has a small affect on the values of the magnetic field strength and the spin period calculated in this

model (as shown in Rowlinson et al., 2010b) but does not significantly affect the predicted regions of

Metzger et al. (2011).

Accretion Effects

This model does not account for ongoing accretion onto the magnetar, from the surrounding torus

of material formed during the merger. This would effect the results obtained, especially if accretion

increases the NS mass to more than can be supported as this results in collapse to a BH. Additionally,

accretion could explain flares observed overlaying the plateau model. Flares may also be associated

with ongoing magnetar activity as described in Dai et al. (2006).

Piro & Ott (2011) studied the affect of accretion onto magnetars formed during SNe, however their

results are also applicable to these magnetars. The main difference for SGRBs is the significantly

reduced reservoir of material available for accretion and have a different accretion rate. This section

assumes the simplest accretion rate published by Metzger etal. (2010b) assuming that accretion starts

at 0.16s after the trigger time, this gives a total accretiondisk mass of∼ 0.3 M⊙. Accretion onto the

magnetar occurs when the propeller regime ends, given by equation 5.5 from Piro & Ott (2011) where

µ33 = B15R
3
6.

Ṁ < 6.0× 10−3µ2
33M

−5/3
1.4 P

−7/3
0,−3 M⊙ s−1 (5.5)

As before, an initial NS mass of 1.4 M⊙ and radius of106 cm is assumed. Figure 5.18a shows the

accretion rate as a function of time after formation. Figure5.18b shows the evolution of the spin
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Figure 5.18: (a) The accretion rate as a function of time assuming the accretion rate for a compact

binary merger Metzger et al. (2010b) starting at 0.16 s afterthe trigger time giving a total accretion

disk mass of∼0.3 M⊙. (b) The evolution of the spin period of the magnetar for the two accretion rates,

red - the magnetar predicted for GRB 060313 and blue - GRB 090515. Solid lines include accretion

and dashed lines have no accretion. In these plots, accretion has a very small or negligible effect. (c)

The amount of rotational energy available in the magnetar for each case.
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period of two different magnetars (using the paramters for GRBs 060313 and 090515 as these have

contrasting magnetar properties) assuming there is accretion onto the magnetar or no accretion. When

there is significant accretion (e.g. GRB 090515) it can marginally prevent spin down and affect the

rotational energy (Figure 5.18c) available, although these are negligible effects for the low accretion

rates considered.

It is worth noting that accretion would potentially have a very large effect on the results obtained

for LGRB magnetar candidates (e.g. the sample in Lyons et al., 2010) as these are thought to have

a significantly higher mass accretion disk and an accretion rate similar to that proposed by Piro &

Ott (2011). In that case, the energy reservoir could reach values in excess of 1053 ergs for particular

combinations of the initial conditions. This additional energy source could be a potential explanation

for large flares observed in some of the LGRB candidate lightcurves.

Figure 5.19 shows the total mass accreted after the propeller regime has ended. The linear correlation

between the duration of the propeller regime and the mass accreted is caused by the relationship:

Ṁ ∝ t−5/3 (i.e. the sooner the propeller regime ends, the greater the mass that can be accreted).

The candidates which accrete the most mass are those which also collapse to form a BH within a few

hundred seconds, leading to the suggestion that accretion may indeed be driving this collapse. The

stable magnetar outlier is GRB 100625A which was also well fitby the unstable magnetar model but

the stable model was chosen to reduce the number of free parameters in the model.

Energy Constraints

Considering all these potential candidates, up to 76% of theSGRBs in this sample could be fit with

the magnetar model when using their X-ray lightcurves. Table 5.3 gives the isotropic energy released

during the prompt emission phase of the GRB. These values tend to be consistent with the maximum

expected energy output from the magnetar central engine model, Eiso < 3 × 1052 erg (Metzger et

al., 2011). However, this value is exceeded for some good candidates, GRBs 060313 and 101219A

which may be due to using the average redshift and the actual events are at significantly lower redshift.

Additionally, GRBs 060801, 090426, 090510 and 100625A alsoexceed this value but it is important to
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Figure 5.19: The amount of mass accreted by the magnetar against the duration of the propeller regime.

The dashed line represents the maximum mass available in theaccretion disk and is 0.3 M⊙ an upper

limit for the amount of mass which can be accreted. Symbols are as in Figure 5.10.
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note that 090426 and 100625A may be consistent within errorsand beaming has not been corrected for.

With a reasonable beaming correction, all of these GRBs would lie well below the maximum expected

energy output. Another consideration isEiso ∝ M1.4P
−2
0,−3, so if magnetars can have masses up to

2.1M⊙ then the maximum energy output could be as high as Eiso ∼ 1 × 1053 erg. In this case, the

Eiso for GRBs 060801, 090426 and 100625A would be consistent. Additionally, if the newly formed

magnetar is accreting, it is possible to spin up the magnetarcreating a larger store of rotational energy.

It is concluded that the energy output of all the magnetar candidate GRBs are likely to be consistent

with magnetar central engines prior to any beaming corrections. Figure 5.20 shows the energy emitted

during the plateau phase (plateau luminosity multiplied bythe duration) against the isotropic energy

emitted during the prompt emission. Only two GRBs which fit the magnetar model emit more energy

during the plateau phase, GRBs 051210 and 090515.

Beaming has not been corrected for in this Chapter, which will undoubtedly affect these results by in-

creasing the spin period and the magnetic field strengths as shown in Rowlinson et al. (2010b). Beam-

ing, with a half-opening angle of 30◦, has been shown to form via the formation of an ordered magentic

field during the merger of two 1.5 M⊙ NSs which collapse to form a BH (Rezzolla et al., 2011). How-

ever, the beaming angles of SGRBs and associated magnetars remain unconstrained. 100% efficiency

has also been assumed in the conversion of rotational energyinto EM radiation. This will not be the

case and acts counter to the beaming argument as this reducesthe spin period and the magnetic field

strengths. For example GRB 090515 hasB ∼ 1.4×1016 G andP ∼ 2.3 ms assuming 100% efficiency,

at 10% efficiency these drop drastically toB ∼ 4.4 × 1015 G andP ∼ 0.73 ms. Given the uncertain-

ties in both beaming and efficiency, it is noted that the real values of the magnetic field strength and

the spin period may vary by a factor of 3. When taking into account that many of this sample do not

have redshifts and that most of those with redshifts rely on chance alignments with host galaxies, there

are further uncertainties in the real values. It is important to note however, that these GRBs do show

evidence of ongoing energy injection and they qualitatively fit the model well, despite the wide range

of values caused by these uncertainties.
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Figure 5.20: The energy emitted during the plateau phase compared to the isotropic energy emitted

during the prompt phase. Symbols are as in Figure 5.10.
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Merger rates of NS-NS binaries

The merger rates of compact binary mergers have been studiedbut remain are highly uncertain. Some

studies predict more NS-NS mergers than NS-BH mergers (Belczynski et al., 2006). Alternatively, Lee

& Ramirez-Ruiz (2007) show that the rates of NS-NS mergers and NS-BH mergers are consistent. In

any case, the NS-BH mergers are thought to be more luminous soobservable out to higher redshifts. No

predictions of the relative rates have made for EM detections but they have been made for gravitational

wave observatories. Bethe & Brown (1998) predict that LIGO would detect roughly equal numbers

of these events or more NS-BH mergers while Abadie et al. (2010b) predict that Advanced-LIGO will

detect more NS-NS mergers. O’Shaughnessy et al. (2008) calculate the expected NS-NS merger and

NS-BH merger rates in the local Universe and they are roughlyconsistent. If it is assumed that this is

comparable to the relative rates for electromagnetic observatories, then the finding that44 – 76% of

the SGRBs in this sample could be modelled with a magnetar would be consistent with all the NS-NS

mergers forming a magnetar (although these values are not well constrained by the rate calculations or

this model).

If this model is correct then it may contribute to the number of known magnetars in our Galaxy.

O’Shaughnessy et al. (2008) predict the merger rate of NS-NSsystems per Milky-Way like galaxy

to be∼10−5 – 10−4 mergers per year. Assuming that magnetars are active for∼104 years (Duncan &

Thompson, 1992), this implies that 0.1–1 known Galactic magnetars could be formed by this method.

There are many uncertainties within this calculation, but it shows that NS-NS mergers may be the

progenitor for a small percentage of known magnetar population and could explain magnetars without

associated SNRs.

5.3.5 Gravitational Wave Signals

These objects pose an interesting source of gravitational waves as there are predicted signals for all

of the stages this system would go through: inspiral, magnetar and final collapse to BH. Here is a

simplified calculation, assuming the amplitude, h, of the gravitational waves are proportional to the

inverse of the distance, using some of the published predictions. The maximum distance out to which
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Advanced LIGO (with a sensitivity ofh ∼ 4× 10−24) and the Einstein Telescope (ET,h ∼ 3× 10−25

Hild et al., 2011) could observe this phase is calculated andgiven in Table 5.5. The gravitational wave

amplitude is quoted for a distance ofz ∼ 0.1 or 390 Mpc. The magnetar phase prediction is an upper

limit assuming a spin period of 1 ms,I45 = 1.5 for a binary merger progenitor, and an ellipticityǫ = 1.

Advanced LIGO predictions by Abadie et al. (2010b) are for NS-NS mergers. Although an ET limit

of 5900 Mpc (z ∼ 0.9) is quoted this may be an underestimate as there are predictions that ET can

observe NS-NS mergers out toz ∼ 2 (Sathyaprakash, Schutz, & Van Den Broeck, 2010).

Piro & Ott (2011) investigate the potential of accreting magnetars to emit gravitational waves using the

spin parameterβ. If β ≥ 0.14 then secular instabilities are excited within the NS and ifβ ≥ 0.26

then bar-mode instabilities occur. Figure 5.21 shows the evolution of the spin parameter for two of

the candidate magnetars used previously, GRBs 060313 and 090515. At no point do these magnetars

exceedβ = 0.14, however it is important to note that this model assumes the magnetar was formed

from a collapsing star. If the magnetar is formed by merging two NSs, a bar mode instability could

potentially occur during formation. Baiotti, Giacomazzo,& Rezzolla (2008) completed simulations

comparing high mass NS-NS binary mergers and low mass mergers. They found that low mass mergers

form a hyper massive NS which exhibits extreme oscillationsdue to having a large bar mode instability.

While the NS settles into a more stable configuration it emitsstrong gravitational waves.

Shibata & Taniguchi (2006) also study different masses relative to the maximum mass of a NS. They

determined that ifM < Mmax then the NS will emit gravitational waves until it is a stablesphere and

collapse to a black hole is dependant on the gravitational wave emission (possibly collapsing within

50 ms) or on forces such as magnetic breaking. In this case, they predict that advanced gravitational

wave detectors will be able to observe these events out to 50 Mpc. Alternatively ifM ∼ Mmax, then it

collapses rapidly to spherical shape and hence is more likely to create a stable NS which may collapse

at late times due to magnetic breaking. The gravitational waves from the more massive NS would be

detectable to 10 Mpc. These predictions are consistent withthose from Corsi & Mészáros (2009).

In both Baiotti, Giacomazzo, & Rezzolla (2008) and Shibata &Taniguchi (2006), instabilities in the

NS formed by a compact merger produce detectable gravitational waves in contrast to the spherical

collapse model of Piro & Ott (2011). However Piro & Ott (2011)showed that accretion may have an
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Figure 5.21: The spin parameterβ for the magnetar candidates in Figure 5.18, red - GRB 060313

and blue - GRB 090515, assuming they collapse to immediatelyform a spherical NS. The solid lines

assume accretion and dashed lines have no accretion. When accretion occurs it can slightly reduce the

GW emission. A GW emission is only expected in this model whenβ ≥ 0.14.

175



C
hapter

5.
E

nergy
Injection

in
S

G
R

B
s

5.3.
M

agnetar
m

odel

Table 5.5: Gravitational wave predictions for the three different regimes in this magnetar model and applied to future observatories. The distances

quoted are luminosity distances.

Phase Citation Predicted Amplitude Distance used A-LIGO limit ET Limit Amplitude at z∼0.1

(h) (Mpc) (Mpc) (Mpc) (h)

Inspiral Abadie et al. (2010b) 4× 10−24 445 445 5900 4.6× 10−24

Magnetar Corsi & Mészáros (2009) < 1.7 × 10−23 10 <43 <570 < 4× 10−25

Collapse to BH Novak (1998) 4× 10−23 10 100 1300 1× 10−24
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important affect on the gravitational wave signal. Therefore, these objects are potentially important

sources of gravitational waves and further analysis combining all these factors and the new limits on

maximum NS masses is required.

The predictions by Metzger et al. (2011) do not take into account the loss of energy via gravitational

waves and this may play a significant role for the formation ofa magnetar via the merger of two NSs. If

the energy losses via gravitational waves are significant, then the magnetar will spin down more rapidly

leading to shorter plateau durations than predicted which is consistent with some of these candidates.

5.4 Conclusions

This chapter first considered the BAT-XRT lightcurves of allSwift detected SGRBs (T90 ≤ 2 s) and

identified “canonical” like lightcurves. The following conclusions were drawn:

• ∼60% of SGRBs have a “canonical” like lightcurve with evidence of ongoing energy injection

from the central engine during the plateau phase.

• Although the “canonical” lightcurve phases show many similarities with LGRBs, they are typi-

cally orders of magnitude earlier and there is much more variation in the temporal indices.

• The plateau fluence is generally comparable to the prompt fluence, consistent with the results for

LGRBs, although there are 3 cases where the plateau fluence issignificantly higher.

• The luminosity and duration of the plateau phase is found to be consistent with the identified

correlation for “canonical” LGRB lightcurves identified byDainotti et al. (2010).

Following on from the study of GRB 090515, this work has shownthat the X-ray lightcurves of some

SGRBs considered could be explained with energy injection from a magnetar which can collapse to

form a BH. This is not unexpected as, if one magnetar can be made through this route (GRB 090515),

the equation of state of NSs allows this outcome for other NS-NS mergers. This has been shown

to be possible for Galactic binaries and reasonable equations of state by Morrison, Baumgarte, &
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Table 5.6: A summary showing the main features studied. Thisgives best magnetar candidates found, possible candidatesand SGRBs which do not fit

the model. “Fits Model” : has a reducedχ2 < 3 (GRB 050509B visually fits well but not enough data points to confirm) “Allowed region” : fits within

the required parameter space in Figure 5.10 (? = could fit withvarious assumptions), “Prompt properties” : the model doesnot predict unobserved

extended emission (if predicted this is a ? as it may be spectrally soft), “Extra component” : there is evidence of an extracomponent in the X-ray

afterglow which is not observed in the optical note this could also be due to absorption (? = borderline case or optical upper limit not constraining),

“Predicted region” : do the values for the plateau luminosity and the plateau duration, calculated using equations 4.2 and 4.3, lie within the predicted

region in Metzger et al. (2011)? (? = outside region but wouldfit with reasonable assumptions) and “Magnetar candidate” :yes if fits model and lies

in allowed region, ? for a possible candidate, no if definitely not a candidate.

GRB Fits model Allowed region Prompt properties Extra component Predicted region Magnetar candidate

050509B No No Yes ? No No

051210 Yes ? ? Yes ? ?

051221A Yes Yes Yes No No Yes

060313 Yes Yes Yes Yes Yes Yes

060801 Yes Yes ? Yes Yes Yes

061201 Yes ? Yes ? ? ?

070714A Yes ? Yes ? ? ?

070724A No Yes ? ? No No

070809 Yes Yes Yes ? Yes Yes

071227 No Yes ? No Yes No

080426 Yes Yes Yes Yes ? Yes

080702A Yes ? Yes ? Yes ?
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Table 5.6: Continued:

GRB Fits model Allowed region Prompt properties Extra component Predicted region Magnetar candidate

080905A Yes ? ? ? No ?

080919 No ? Yes No No No

081024 Yes Yes ? ? Yes Yes

090426 Yes Yes Yes No Yes Yes

090510 Yes Yes Yes Yes Yes Yes

090515 Yes Yes Yes Yes Yes Yes

090621B Yes ? Yes Yes ? ?

091109B No No Yes ? No No

100117A No Yes ? Yes No No

100625A Yes ? Yes Yes ? ?

100702A Yes Yes Yes Yes Yes Yes

101219A Yes Yes Yes Yes Yes Yes

110112A Yes ? Yes Yes ? ?
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Shapiro (2004). The recent discovery of a 1.97 M⊙ NS (Demorest et al., 2010) also has the important

consequence of NS mergers being more likely to make a magnetar (Özel et al., 2010). Table 5.6

summarises the findings of Section 5.3, if the candidate fits the model and lies in the allowed region it

is considered to be a firm candidate and if they fit the model andcould lie in the allowed region with

given assumptions then they are possible candidates. The main conclusions are:

• 11 firm candidates (44%) and 8 possible candidates (32%) were found, suggesting that44 – 76%

of SGRBs form a magnetar. Of the 11 firm candidates, 5 are thought to collapse to form a BH

and when including possible candidates, 7 out of 19 may collapse to form a BH. This implies

that37–45% of events forming magnetars would collapse to a BH within thefirst few hundred

seconds.

• This Chapter focuses on NS-NS merger progenitors, however the AIC of a WD could also pro-

duce a SGRB and leave behind a rapidly rotating magnetar withsimilar X-ray emission proper-

ties. Among other observational signatures, the very different gravitational wave signals between

these events may someday allow these progenitors to be distinguished.

• All SGRBs with a plateau in the X-ray lightcurve could potentially be explained by this model.

• There is a clear correlation between the X-ray flux at 100 s with that at 1000 s and 10000 s for

the candidates which form a stable magnetar. The late time fluxes are significantly lower for the

unstable magnetar cases and the sample which do not fit the model.

• There is a possible correlation between the photon index forthe prompt emission and the photon

index in the plateau phase for the magnetar candidates.

• There is excess emission in the X-ray afterglows not observed in the optical afterglows for 53%

of the magnetar sample. Only 2 magnetar candidates clearly do not have this excess emission

and 1 borderline case. However, it is unclear if this is related to the magnetar model.

• Many of the magnetar candidates lie within or close to the predictions of Metzger et al. (2011).

Some have significantly shorter plateaus than predicted butthis may be associated with gravita-

tional wave emission.
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• Accretion onto the newly formed magnetar formed by a NS-NS binary merger has a negligible

affect on the spin periods and hence the rotational energy budget of the magnetar. However, it

can be shown that accretion can have a significant affect for collapsar progenitors. This may

explain late time flares for collapsar progenitors and thesecalculations suggest the rotational

energy budget could exceed1053 erg for some combinations of initial spin periods and magnetic

fields.

• The unstable magnetar candidates, those which collapse to form a BH, are potentially accreting

more material than the stable candidates. This is suggestedas a potential solution for why they

collapse at late times.

• The rate of magnetar formation found in this model are consistent with upper limits set by the

Galactic magnetar birth rate and the predicted NS merger rate, although the latter are still highly

uncertain.

• These objects are highly interesting targets for future gravitational wave observatories as they are

predicted to emit gravitational waves during merger, the magnetar phase (likely to be increased

via accretion and bar mode instabilities) and, in some cases, the final collapse to form a BH. ET

would be particularly useful for this as it could be used to probe these events out toz > 0.9,

which covers the majority of the expected redshift distribution of SGRBs.

• For the candidates which form a stable magnetar: Duncan & Thompson (1992) showed that

the amount of energy available for an SGR giant flare isE ∝ 3 × 1047 B2
15 erg. Hence a

young magnetar, with magnetic fields ofB15 ∼ 10, could produce a giant flare with an energy

of 3 × 1049 erg. This value is comparable to the isotropic energy of someSGRBs (e.g. GRB

080905A atz ∼ 0.12, Rowlinson et al., 2010a) so would be observable in the localUniverse.

Both of the merger and giant flare events are very rare, however considering these models it is

possible (although very unlikely) that in the future there may be two spatially co-incident SGRBs.

This has also been proposed for LGRBs by Giannios (2010) and they suggest that these magnetar

candidates could be identified by discoving an old spatiallycoincident radio GRB afterglow in

nearby galaxies.
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This work does not show conclusive proof that SGRBs are forming magnetars, however it does show

that these models could fit a large proportion of the observedSGRBs, could explain much of the evi-

dence for late time central engine activity in SGRBs, and this may have important observational con-

sequences.
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Chapter 6
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Since the discovery of GRBs in 1967, it has become increasingly evident that there are at least two

different types of GRB. LGRBs have been associated with corecollapse SN, whereas the progenitors

of SGRBs are still debated. The observations of theSwift satellite have enabled the localisation and

multiwavelength followup of SGRBs, with almost 7 years worth of observations available (including

the detection of>30 SGRB X-ray afterglows) it is now possible to start studying the properties of

SGRBs in depth. This Thesis has focused on SGRBs detected by the IPN and theSwift Satellite and

has used these observations to place constraints on the current progenitor theories.

6.1 Progress towards the progenitors and central engines ofSGRBs

6.1.1 Extragalactic SGR giant flares

Following the detection of a giant flare from SGR 1806-20, it has been hypothesised that SGR giant

flares are detectable in the nearby Universe and would have similar prompt emission properties to a

SGRB. Therefore this is a progenitor candidate for a small percentage of SGRBs which may be associ-

ated with nearby galaxies. Included in Chapter 2 are new results for three SGRBs and their suggested

host galaxy associations, all detected by the IPN, whose progenitors may be extragalactic SGRs: GRB
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051103 with M81, GRB 070201 with M31 and GRB 110406A with NGC404. Unfortunately, due to the

nature of the IPN, the position errors obtained for these GRBs are very large and cannot conclusively

associate the GRBs with their candidate host galaxies.

• GRB 051103 remains inconclusive, the prompt properties andundetected optical afterglow are

consistent with both an extremely energetic extragalacticSGR giant flare and a typical SGRB

with little optical afterglow. However, if it were an SGR it would be likely to require an alter-

native formation route to that normally suggested for SGRs as there is no evidence of a SNR

within the error ellipse and the error ellipse only crosses the outer boundary of M81. There is a

candidate Galactic magnetar lying outside the plane of the Galaxy which may be consistent with

a different formation route (Callingham et al., 2011), if confirmed this would be consistent with

the findings for GRB 051103.

• GRB 070201 also remains inconclusive, but is a more convincing candidate than GRB 051103.

It was noted prior to this Thesis that the error trapezium crosses a region of active star formation

within M31. Chapter 2 has associated a likely SNR with a faintX-ray source within the error

trapezium with a<0.1% probability of chance alignment. The separation of these sources and

their other properties are consistent with known SGRs, making it a candidate quiescent counter-

part to this GRB. This, in addition to the prompt emission which is consistent with the giant flare

from SGR 1806-20, provides strong support for the SGR giant flare progenitor theory for GRB

070201.

• GRB 110406A was recently detected by the IPN, however it was Sun constrained for many weeks

preventing any multiwavelength follow up. In Chapter 2, is is noted that the prompt emission

and putative host galaxy properties make it an ideal extragalactic SGR giant flare candidate.

It has been shown, using a probability argument based on 3 Galactic giant flares observed, that it is

very unlikely that GRB 051103 and GRB 070201 are both extragalactic SGR giant flares. Based on the

literature and the results obtained in Chapter 2, GRB 070201appears to be the strongest candidate. The

presence of active star formation in M31 and NGC404 provide further supporting evidence as massive

stars are the theorised progenitor of SGRs. However, as thisThesis has discussed, there are alternative
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formation routes for SGRs which would explain the location of GRB 051103, for example WD-WD

mergers and the AIC of a WD.

No extragalactic SGR giant flare has been confirmed to date as this requires a firm host galaxy asso-

ciation and ideally an association with a quiescent X-ray source and SNR. This will require rapid and

deep follow up observations to identify the multiwavelength afterglow giving more accurate positions.

Satellites such asSwift andSVOM(see Section 6.2.1), with rapid follow-up capabilities, are ideal for

this study. These are relatively rare events within the fieldof view of instruments such asSwiftso the

likelihood of detection is low. Despite this, it is surprising that a definite candidate has not been well

localised yet and it is anticipated that the chance of detection is good in the future.

6.1.2 Compact Binary Mergers

The merger of two NSs or a NS and a BH is the most popular progenitor theory for SGRBs, however no

conclusive observational evidence has been obtained to date. This Thesis has compared the observed

properties of several SGRBs to those expected from a compactbinary merger. The main findings are:

• GRB 080905A was detected offset from a spiral galaxy, with a chance alignment of<1%, and

is at the lowest confirmed redshift for a SGRB. The X-ray and optical afterglows were faint and

the isotropic energy was∼ 5 × 1049 erg. These properties are consistent with a binary merger

occuring in a low density environment. Spatially resolved spectroscopy was obtained for the host

galaxy, the first time this has been completed for a SGRB, showing that GRB 080905A occured

offset from the spiral arm with least active star formation and a relatively old population. This is

consistent with the merger of a compact binary system which has been kicked out of its the host

galaxy.

• GRB 090515 was a hostless SGRB with the faintest detected optical afterglow to date and an

undetectable X-ray afterglow at late times. The prompt and late time properties are consistent

with a compact binary merger.

• TheSwiftSGRB sample used in Chapter 5, along with GRB 090515, have shown that∼60% of
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SGRBs show evidence of late time energy injection within their X-ray afterglows. This energy

injection results in similar behaviour to that observed in the LGRBs with “canonical” lightcurves,

but the stages all occur much earlier in the lightcurves for the SGRB sample. This energy injec-

tion is problematic for the typical compact binary merger progenitor theory.

The Swift satellite revolutionised the study of SGRBs, however it remains difficult to detect the faint

and rapidly fading optical afterglows as this requires rapid follow up on an 8 m class telescope. This

means that host galaxy associations and redshifts, such as that obtained for GRB 080905A, are also

very difficult to obtain. Particularly difficult to obtain are absorption redshifts from SGRB afterglows,

which are vital for unambiguously identifying host galaxies and redshifts, however this requires faster

responses with large optical facilities.

Although not considered in this Thesis, there are suggestions that the SGRB population should be

further subdivided. For example SGRBs at z>1 (e.g. GRB 090426 at z = 2.609; Levesque et al., 2009)

and those appearing to be associated with young stellar populations (e.g. GRB 050709; Covino et al.,

2006). These may just be the tail of LGRBs in the overlapping distribution of T90 durations (Figure

1.1) or may have a different progenitor (e.g. Virgili et al.,2011).

More data are required to further the understanding of the progenitors and central engines of SGRBs.

This would also aid in determining the overlap between SGRB and LGRB populations and clarifying

the nature of the EE SGRBs. The European Extremely Large Telescope (EELT, construction will begin

in 2012 to be completed in the 2020s; Gilmozzi & Spyromilio, 2008) will be very useful in the detection

of even fainter afterglows and study the local environmentswithin the host galaxies of SGRBs in detail

using spatially resolved spectroscopy.

6.1.3 Magnetars as the central engine of some SGRBs

Chapters 4 and 5 of this Thesis have shown that there is evidence of ongoing central engine activity

within some SGRB observations that is inconsistent with thetypical compact binary merger progenitor

models. There is now increasing observational evidence which suggests that the equation of state of
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NSs is relatively hard, allowing more massive NSs than previously thought. It has been proposed that

two merging NSs could form a magnetar, whose late time stability depends upon the masses of the

two NSs, and can emit a vast amount of rotational energy as observable electromagnetic radiation. The

possibility that such a magnetar could produce the energy injection observed in SGRB afterglows has

been investigated.

• GRB 090515 has the most unusual X-ray afterglow observed to date for a SGRB. Chapter 4

showed that the X-ray afterglow of GRB 090515 can be naturally explained using an unstable

magnetar which powers an X-ray plateau for∼240 s and then collapses to form a BH. The other

properties of GRB 090515 point to a compact binary merger so this is the first NS-NS merger

candidate which is thought to form an unstable magnetar.

• A sample ofSwift detected SGRBs are fitted with the magnetar model in Chapter 5, allowing

for both stable and unstable magnetars, and the model was able to explain much of the observed

energy injection within SGRB lightcurves. This, alongsiderecent advances in understanding of

NSs, leads to the suggestion that many NS-NS mergers form a magnetar which inject energy into

the afterglows at late time. Thus solving the problems of energy injection with the typical merger

theory.

• As stable magnetars may be formed via the merger of two NSs, this provides an additional

mechanism for the production of SGRs which may go on to produce observable giant flares.

The magnetar model could explain energy injection within SGRBs and is consistent with recent results.

However, the theoretical model requires further work to determine the emission mechanism, efficiency

and beaming angles. The NS equation of state is also very important for this model and observations

are starting to place interesting constraints on this.

Magnetars are also proposed to be the central engine of LGRBsand several candidates have been

proposed (including those in Lyons et al., 2010). It would bevery interesting to fit the QDP magnetar

model, used in Chapter 5, to LGRB X-ray lightcurves to determine if magnetars could also realistically

explain the majority of the plateaus observed in LGRB lightcurves. The LGRB candidates can then be

compared to the SGRB candidates.

187



Chapter 6. Conclusions 6.2. The future

The extended emission observed in EE SGRBs has also been proposed to originate from a magnetar

central engine (e.g. Bucciantini et al., 2011). However, the emission mechanism is thought to be dif-

ferent to that seen in the plateau phase. The model currentlyhas too many free parameters for fitting to

lightcurves. The EE SGRBs also have evidence for energy injection at later times in their lightcurves.

Future work could combine the two different parts of the magnetar model to determine if they can

consistently explain the observed X-ray lightcurves of theEE SGRBs.

6.2 The future

There are many missions which will prove highly useful to thestudy of SGRBs in the future. Some of

these have already been mentioned in the text, e.g. the EELT in Sections 2.5 and 6.1.2, and this section

focuses on the future contributers which are expected to have the most impact on the study of SGRBs.

6.2.1 Detection of SGRBs

Swift is now nearly 7 years old and still discovering new, unusual GRBs. It will continue to add to the

SGRB sample and hopefully will detect an extragalactic SGR giant flare. However,Swift will not be

operational indefinitely. TheSpace-based multi-band astronomical Variable Object Monitor (SVOM;

Götz et al., 2009b) is expected to launch in 2016/17 and willoperate in a similar manner toSwift by

detecting the GRB and then slewing to point an X-ray telescope and Optical telescope at the location

to obtain accurate positions. However, as the gamma-ray detector, ECLAIRS (4 –250 keV), operates

in a softer energy band than BAT (15 – 350 keV) it is unclear howmany typical short hard GRBs it

will detect. BAT operates at a softer energy band than BATSE and has found a smaller percentage of

SGRBs (∼10% compared to∼25%), so ECLAIRS may also detect far fewer.

Further in the future, theJoint Astrophysics Nascent Universe Satellite(JANUS; Burrows et al., 2010)

has been proposed. However,JANUSaims to detect high redshift GRBs and will use an X-ray telescope

to detect them. As this is an even softer detector, it is unclear what the chances are thatJANUSwill

detect SGRBs. Another proposal was theEnergetic X-ray Imaging Survey Telescope(EXIST; Grindlay
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et al., 2003), also using softer detectors to find high reshift GRBs, butEXISTwas unranked in the

Astro2010 Decadal Survey and is now going to be redesigned1.

Therefore, afterSwift andSVOMthe future looks very bleak for the detection of typical SGRBs and

obtaining rapid positions as missions are targeting the softer high redshift GRBs. This is unfortunate

as upcoming instruments such as Advanced-LIGO make it an exciting time for the study of SGRBs.

6.2.2 LOFAR

In 2010 the LOw Frequency ARray (LOFAR, 10 – 250 MHz) became operational and aims to detect

a wide range of transient objects. Stappers et al. (2011) describes the methods which LOFAR will use

to detect a wide range of transient objects and this will likely include GRBs. The work of LOFAR on

transient objects will then be applied to the study of transients with the upcoming Square Kilometer

Array (SKA)2.

van Eerten & MacFadyen (2011) have modelled the multi wavelength afterglow lightcurves of SGRBs

and predected the detectability for instruments such as LOFAR. Additionally, it has been shown that

LOFAR may detect orphan SGRB afterglows even years afterwards assuming that they formed via a

compact binary merger (Nakar & Piran, 2011).

As shown in Chapters 4 and 5, the merger of two NSs may also forma magnetar. The magnetar is

predicted to produce a radio flare which is detectable by LOFAR (Pshirkov & Postnov, 2010). The

duration and magnitude of this flare is dependent on the lifetime of the magnetar. In Pshirkov &

Postnov (2010) the radio flare only lasts for a few ms as they assume the magnetar is short lived. The

radio signal becomes a precursor to the SGRB with a flux, F, given by equation 6.1 where L50 is the

luminosity of the flare in units of 1050 erg s−1, γ is the Lorentz factor and D is the distance to the merger

in Gpc. They predict an observable signal for nearby SGRBs. They do not consider the possibilty that

the magnetar could last for significantly longer durations (as seen in Chapters 4 and 5) so it will be

very interesting to see if LOFAR indeed detects these flares and their durations as this would provide

1http://exist.gsfc.nasa.gov/
2http://www.skatelescope.org/
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supporting evidence for the magnetar model.

F (120 MHz) ∼ 6× 102+15γL1+γ
50

(

1 Gpc

D

)4

Jy (6.1)

6.2.3 ALMA

The Atacama Large Millimeter/submillimeter Array (ALMA, operational at a limited level from the

end of 2011; Brown, Wild, & Cunningham, 2004) will be ideal for studying the afterglows of GRBs

as it operates at the peak wavelengths for the afterglow synchrotron emission (de Ugarte Postigo et

al., 2011). Additionally, ALMA observations are not affected by interstellar dust allowing the study of

dark and high redshift (up to z∼10) GRB afterglows. de Ugarte Postigo et al. (2011) also showthat

ALMA will be able to conduct spatially resolved spectroscopy of host galaxies in a similar manner

to that conducted in Chapter 3 for GRB 080905A but at wavelengths ideal for studying the molecular

emission lines.

6.2.4 Neutrino Detectors

GRBs are predicted to emit copious amounts of neutrinos (e.g. Waxman, 1997; Razzaque, Mészáros,

& Waxman, 2003) and several neutrino experiments have attempted to detect these sources. Indeed the

detection of neutrinos could aid in confirming the central engine and emission mechanisms of GRBs

(e.g. identify a magnetar central engine formed during a compact binary merger and when collapse to

a BH occurs; Sekiguchi et al., 2011).

IceCube (Achterberg et al., 2006) has already been used in its partially completed state to search for

neutrinos from individual GRBs giving 90% upper limits (Abbasi et al., 2010). The full configuration

is now complete and this will be able to either detect these neutrinos from GRBs or place constraining

upper limits on them.
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The ANTARES (Astronomy with a Neutrino Telescope and Abuss environmental RESearch) neutrino

detector, online from 2008, aims to detect neutrinos from GRBs (ANTARES Collaboration, 2011a). To

date, no cosmic sources have been detected (ANTARES Collaboration et al., 2011b).

6.2.5 Advanced LIGO and ET

As described in Section 1.5.2, one of the best methods to confirm the progenitor of SGRBs would be

the detection of a SGRB with a spatially and temporally coincident gravitational wave detection. Not

only would this identify the progenitor, the gravitationalwave signal is predicted to be able to place

tight constraints on the equation of state of NSs, measure the masses of the merging objects and provide

the actual distance to the merger (e.g. Read et al., 2009; Hotokezaka et al., 2011). This “smoking gun”

observation has not been achieved with LIGO as it does not probe far enough into the Universe. When

Advanced-LIGO comes online in 2014, the prospects of detection significantly improve as the detection

limit of 445 Mpc (Abadie et al., 2010b) is much closer to the nearest confirmed SGRB (∼560 Mpc,

GRB 080905A). If Advanced-LIGO fails to detect a signal coincident with a SGRB, this will start

placing very interesting constraints on the progenitors ofSGRBs. To follow on from Advanced-LIGO,

the ET has been proposed and many co-incident detections would be expected. Typically the predicted

signal focuses on the compact binary inspiral immediately prior to the actual merger. In Chapter 5 of

this Thesis, it is shown that other signals may be expected from the same source and predicted limits

are provided for Advanced-LIGO and ET.

However, the coincident detection relies upon a satellite which is able to detect SGRBs being opera-

tional when these instruments come on line and, as discussedin Section 6.2.1, this may not be the case

depending upon the lifetime ofSwiftand the SGRB detection capabilities ofSVOM.

6.3 Final concluding remarks

The work presented in this Thesis has extended the previous knowledge of SGRBs by presenting and

interpreting new observational data. In many ways the data support the favoured compact binary merger
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progenitor but there are still many significant discrepancies and open questions. With the in depth

follow up of more SGRBs and the use of multimessenger observations, it will be possible to start

constraining the theoretical models and possibly solve theongoing mystery of SGRBs.
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Mészáros P., Rees M. J., 1993, ApJ, 418, L59
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Nice D. J., Splaver E. M., Stairs I. H., Löhmer O., Jessner A., Kramer M., Cordes J. M., 2005, ApJ,

634, 1242

Nicuesa Guelbenzu A., et al., 2011, A&A, 531, L6

Nomoto K., Kondo Y., 1991, ApJ, 367, L19

Norris J. P., Share G. H., Messina D. C., Dennis B. R., Desai U.D., Cline T. L., Matz S. M., Chupp

E. L., 1986, ApJ, 301, 213

Norris J. P., Nemiroff R. J., Bonnell J. T., Scargle J. D., Kouveliotou C., Paciesas W. S., Meegan C. A.,

Fishman G. J., 1996, ApJ, 459, 393

Norris J. P., Marani G. F., Bonnell J. T., 2000, ApJ, 534, 248

Norris, J. P., & Bonnell, J. T. 2006, ApJ, 643, 266

Norris J. P., Gehrels N., Scargle J. D., 2010, ApJ, 717, 411

Norris J. P., Gehrels N., Scargle J. D., 2011, ApJ, 735, 23

212



Nousek J. A., et al., 2006, ApJ, 642, 389

Novak J., 1998, PhRvD, 57, 4789

Nysewander, M., Fruchter, A. S., Pe’er, A., 2009, ApJ, 701, 824

Oates S. R., Ziaeepour H., 2008, GCN Circ., 7642, 1

Oates S. R., 2009, GCN Circ., 10157, 1

Oates S. R., Cummings J. R., 2009, GCN Circ., 9265, 1

O’Brien P. T., Willingale R., Osborne J. P., Goad M. R., 2006,NJPh, 8, 121

O’Brien, P. T., et al., 2006b, ApJ, 647, 1213

Oechslin R., Janka H.-T., Marek A., 2007, A&A, 467, 395

Ofek, E. et al., 2005, GCN Circ. 4208

Ofek E. O., et al., 2006, ApJ, 652, 507

Ofek E. O., 2007, ApJ, 659, 339

Ofek, E. O., et al., 2007, ApJ, 662, 1129

Ofek E. O., et al., 2008, ApJ, 681, 1464

Oppenheimer B. R., Bloom J. S., Eikenberry S. S., Matthews K., 1998, ATel, 26, 1

Osborne J.P, Beardmore A.P., Evans P.A., Goad M.R., 2009, GCN Circ., 9367, 1

O’Shaughnessy R., Kim C., Kalogera V., Belczynski K., 2008,ApJ, 672, 479

Ott C. D., Burrows A., Thompson T. A., Livne E., Walder R., 2006, ApJS, 164, 130
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